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ABSTRACT 

The culture of cells in hydrogels and scaffolds that mimic in vitro tissue has become increasing 

popular now there is an understanding of how important the role of ECM is in supporting and 

directing the behaviour of cells. As such there is a wide range of culture methods varying in 

complexity, that are available, each of which varies in complexity. From synthetic hydrogels 

with tuneable mechanical properties or natural (polysaccharide or protein) hydrogels that allow 

for natural interactions with ECM components, that more accurately represent the compisition 

of tissues and cells. This thesis looks at two different models of hydrogels, with opposite 

approaches. First, was an adipogenic model that used a top-down approach, where a native 

ECM protein (collagen) was used to form a natural hydrogel. Research into adipogenesis is 

important as obesity becomes more prevalent. Models that represent adipogenesis are 

important to combat the rise in obesity as they can become high content screening models for 

anti-obesity drugs. This model used an alginate fibre surrounding a collagen I core with mouse 

mesenchymal stem cells. Over the course of two weeks, this was found to be a viable model, 

that supported adipogenesis of mesenchymal stem cells. The creation of the fibre was simple, 

but requires optimisation to prevent alginate from blocking equipment.. The second model was 

developed using a bottom-up approach where synthetic self-assembling peptides were 

selected for the presence of a charge and then used to make a hydrogel. The peptide 

amphiphiles were designed to have increasing lysine residues (K2, K3 and K4) or a negative 

glutamic acid residue for a PA with a negative charge (E3). The presence of a charge was 

theorised to sequester native ECM components. Human induced pluripotent stem cells were 

in clusters on top of the range of PA hydrogels, a neutral hydrogel (FEFEFKFK) and Matrigel. 

This synthetic PA hydrogels (K2 and K3) sequestered a glycosaminoglycan secreted by 

human induced pluripotent stem cells. There was a change in cellular behaviour when cultured 

on hydrogels with different charges, there was increased attachment to the hydrogel on the 

negative PA (E3) hydrogel, than all others except Matrigel. There was also increased 

proliferation on the most positive PA (K4) hydrogel than all other hydrogels except Matrigel. 
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Together this suggested that differently charged hydrogels may be able to create different 

ECM environments through the sequestration of natively secreted ECM components. The 

charged PA hydrogels have the potential to form a complex ECM with a large range of ECM 

components, that cannot be replicated by human design. In addition, the synthesised ECM 

components will be able to be modified by the cells throughout their lifetime, thereby replicating 

natural processes. This model could therefore be used to produce representative models for 

use in a wide range of systems many applications, for example drug testing, disease research 

and tissue regeneration.  
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CHAPTER 1. INTRODUCTION 

There is a long history of animals being used in modern medicine, whether to model disease 

or in early-stage drug testing. For examples, rats used to create a model for cardiac 

hypertrophy (enlargement) through surgical intervention. This allowed for the study of the 

remodelling events or contractile properties using the progression of enlargement till heart 

failure (Gs et al., 2014). Mouse models have also been used to model infections such as 

Helicobacter pylor, which allows for further study into treatments to combat antibiotic 

resistance (Dey et al., 2021). In as recently as 2023 an anti-malaria drug was tested for use 

in preventing amyloid-β pathology (found in Alzheimer’s disease) with the use of a transgenic 

mouse model (Kisler et al., 2023). Untill now, there has been no practical alternative to animals 

in medicine, however questions are now being raised into the ethics of such practices 

(Svendsen et al., 1997, Akkaya and Güngör, 2022). While great care has been taken to reduce 

harm and stress during animal in vivo experiments, it is impossible to entirely prevent this. 

Animal models do not reliably replicate human diseases (Hackam and Redelmeier, 2006, 

Perel et al., 2007). For example, patient-derived xenograft tumour models (Abdolahi et al., 

2022) and transgenic murine models for autoimmune liver diseases (Trzos et al., 2022)) lack 

this capacity. Cancer xenografts in mice can provide a complex system for studying tumours 

but the model has limitations. The model is not designed to replicate the matrix environment 

of the tumour or immune response in a human, which would provide more accurate data about 

the tumour in humans. (Denayer et al., 2014). Therefore hightlighting the need for complex 

models with human cell types. Animal models result in limited translational reach for the 

research, with many animal models failing to fulfil their basic requirements – replicating human 

conditions.  

 

In vitro cell culture is used for a wide variety of applications, including reprogramming of 

somatic cells to pluripotent stem cells (Takahashi et al., 2007), which can be used for the 



Introduction 

The extracellular matrix 

© Sarah McGinlay  
2 

development of organoids (e.g. optic vesicle-containing brain organoids that could become a 

promising tool for research into eye development) (Kozlowski et al., 2021, Gabriel et al., 2021), 

as well as in the large-scale production of medicines (e.g. Chinese hamster ovary cells are 

used to produce Epoetin a biopharmaceutical used to treat anaemia) (Zhu et al., 2017) and 

vaccines (e.g. for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) were 

produced in Chinese hamster ovary cells) (Fang et al., 2022). In the move away from using 

animal models, there is great potential to optimise in vitro cell cultures to better mimic the 

environments required for testing. Such potential is currently the focus of intense research 

(Lutolf and Hubbell, 2005). Stem cells are of great focus in particular due to their ability to 

differentiate into multiple cell types in a controllable manner.  

 

All stem cells have the ability to self-renew and maintain a level of pluripotency (Weissman, 

2000). The cells within mammalian embryos are totipotent from fertilisation and differentiate 

progressively into specialised cells (pluripotent to multipotent to unipotent). The pluripotent 

stem cells in an embryo at the blastocyst stage (within the inner cell mass) can be isolated to 

generate embryonic stem cells (ESCs) (Smith, 2001). ESCs were first derived from fertilised 

zygotes by Thomson et al (Thomson et al., 1998). The ESCs are derived from the inner cell 

mass of the blastocyst stage of an embryo (Rippon and Bishop, 2004b) as shown in Figure 1, 

and have the ability to differentiate into all three germ layers that will then form all the cell 

types found throughout the adult body (Evans and Kaufman, 1981, Martin, 1981). In addition, 

there are adult stem cells within the body that can self-renew, for example hematopoietic stem 

cells, but these stem cells are only multipotent and cannot differentiate into all cell types like 

the embryonic stem cells, only a smaller range of cell types (Spangrude et al., 1988). The 

somatic differentiated cells can be reprogrammed to form induced pluripotent stem cells 

(Takahashi et al., 2007). 
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Figure 1. Embryonic stem cells before differentiation into the three germ lineages.  
A fertilised egg divides and forms a blastocyst from which pluripotent (embryonic) stem cells can 
be isoated. As the zygote ages cells differentiate into cell types becoming less pluripotent. At the 
morula stage the formation of the trophectoderm (red) is located around the outer surface, this 
layer will become the extraembryonic material (placenta) that will support the embryo. The 
embryonic stem cells (ESCs) that were isolated by Thomson et al were derived from the inner cell 
mass (yellow) when at the early blastocyst stage, as identified by the presence of a fluid filled 
cavity (Thomson et al., 1998, Niwa, 2007). Created with BioRender.com.  

 

1.1.1 Human Induced Pluripotent Stem Cells 

Human induced pluripotent stem cells (iPSCs) are somatic cells reprogrammed into a 

pluripotent state, through the stimulation of reprogramming factors (Oct4, Sox2, Klf4 and c-

Myc) (as seen in Figure 2) (Takahashi and Yamanaka, 2006). Human iPSCs have been shown 

to be like human ESCs (Maherali et al., 2007, Wernig et al., 2007, Guenther et al., 2010). 

However, there are some differences; in differentiation potential (Hu et al., 2010a), DNA 

methylation (Doi et al., 2009) and gene expression (Chin et al., 2009). All stem cells are able 

to self-renew without senescence and have the potential to differentiate into a range of cell 

types (Rippon and Bishop, 2004a). The ability to reprogram somatic cells into pluripotent cells 

has created a new field in enabling research into personalised medicine (Tabar and Studer, 

2014) and optimisation of unique personal treatments using the patient’s own cells. iPSCs are 

also a resource for specific human disease modelling (Lee et al., 2009a) as the iPSCs can be 

differentiated to all cells within the body. There are ethical concerns associated with the 
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destruction of viable embryos to create ESCs, therefore ESCs are not ideal for use in research 

or for regenerative medicine (Nwigwe, 2019) and hiPSCs do not have such problems. 

 

Figure 2. Overview of Human Induced Pluripotent Stem Cells (hiPSCs). 
hiPSCs were created from somatic cells using critical reprogramming factors (Oct4, Sox2, Klf4, c-
Myc) found by (Takahashi and Yamanaka, 2006). hiPSCs are pluriopoent and able to differentate 
into all three lineages (ectoderm, endoerm and mesoderm). The hiPSCs can be cultured on 2D 
culture plastic in the presence of a suitable substrate (e.g. vitronectin) but have also been cultured 
in speriods to form clusters. Created with BioRender.com. 

 

An enormous benefit to hiPSCs is the future where patients with diseases (i.e., cancer) can 

get personalised medicine. As hiPSCs can be taken from health and diseased patients and 

then be cultured to create disease models that can replicate human pathophysiology (Chun 

et al., 2011). In the future it may even be possible for hiPSCs to be used to differentiated into 

organs that could replace damaged organs (Sayed et al., 2016).   
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1.2 The extracellular matrix  

If animal models cannot be used whether due to the ethical issues or due to the lack of 

translatability to human systems, then stem cell or primary cell (derived from tissues) models 

could take their place. Primary cells are the best for  replicating the original tissues they were 

taken from but there are some limitations (Zhao, 2023). For example, primary cells proliferate 

less, vary depending upon the donor and have a limited life span (Li, 2019). In fact, there is a 

downside to both primary and stem cell culture as much of the initial work developing these 

models has been carried out using 2-dimensional (2D) tissue culture plates or flasks. These 

do not truly represent physiological tissue, as most cell types are not found in an environment 

like culture plastic. The tissue culture plastic forces a single layer of cells into a flat and stiff 

environment, which is not found in most cell environments in vivo. The cells grown on tissue 

culture plastic are typically flattened (Von Der Mark et al., 1977), given a forced polarity (Mseka 

et al., 2007) and have reduced interactions with extracellular components (Kapałczyńska et 

al., 2018). 

 

The extra cellular matrix (ECM) is secreted by and surrounds cells. It fulfils several essential 

functions, acting as a support for the cells (e.g. collagen networks provide structural support 

for cells (Theocharis et al., 2016)), as well as providing tissue-specific mechanical signals (the 

stiffness of ECM varies between tissues and controls differentiation, for example adipogenesis 

is reduced on stiff substrates (Kuroda et al., 2017) (Humphrey et al., 2014)), ligands of cell 

membrane receptors (several ECM components bind to cell membrane receptors, e.g. laminin 

and integrins (Yue, 2014, Hynes, 2009)) and a source of growth factors (growth factors bind 

to a range of ECM components providing a localised gradient of growth factors, e.g. fibronectin 

and vascular endothelial growth factor (Wijelath et al., 2006)). 
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ECM composition is tissue-specific (Padhi and Nain, 2020) and can alter during progression 

of disease (Lu et al., 2011) and ageing (Birch, 2018). The ECM composition varies between 

tissues, for example, elastin (an ECM protein) in lung tissues has ~ 20–50 µg/mg, whereas 

heart tissue has 90–110 μg/mg (Padhi and Nain, 2020). In disease the ECM changes for 

example, in breast cancer there in an increased deposition of collagen during tumour 

formation (Egeblad et al., 2010). Furthermore, as humans age the ECM alters, there is a 

decrease in the collagen in the ECM, which reduces the density and toughness of the bone 

(Nyman et al., 2007). Typically, the ECM is comprised of around 300 distinct proteins and 

glycans and, due to the negative charge associated primarily with these glycans, it also 

contains a large volume of water (Hynes and Naba, 2012). The ECM is therefore a dynamic 

cell-specific microenvironment, which acts to keep the chemical, mechanical and topographic 

environment in ideal balance to support a multitude of cellular functions, from maintaining the 

stem cell niche to stimulating differentiation (Rozario and DeSimone, 2010, Yue, 2014).  

 

Figure 3 shows a graphical representation of one example ECM surrounding endothelial cells 

as a simpified example, with many of the components commonly found throughout ECMs. The 

ECM itself contains situationally specific proteins and polysaccharides to create a unique 

environment. It is composed of fibrous structural proteins, adhesive proteins, and 

proteoglycans as well as the glycosaminoglycan (GAG), hyaluronic acid (HA) (Stevens and 

George, 2005, Yue, 2014).  
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Figure 3. A graphical representation of an ECM surrounding the endotheilal cells. 
The ECM is a network of molecules including proteins and polysaccharides, that are organized 
around cells. The ECM is dynamic and confers the cells with anchorage, biomechanical stiffness, 
receptor binding, and growth factor reservoirs. The ECM can control such factors as proliferation, 
adhesion, differentiation, and migration. The example above is a simplified example of the ECM 
surrounding endothelial cells, this is only one of many differing ECMs. There are several cell 
membrane anchored proteoglycans with glycosaminoglycans. Collagens, laminin, fibronectin, and 
elastin are the major components of the ECM. Extracellular proteoglycans are also displayed. 
Figure made in Biorender. 

 

Collagen 

Collagen is the most abundant ECM protein in the body, in mammals it is approximately 30% 

of their total protein content and is formed from three chains of polypeptides that assemble 

together to form a triple helix (Frantz et al., 2010). There are 28 different types of collagen 

currently identified (Wu et al., 2022); with collagens I, II, and III being the most abundant with 

80 – 90% of the collagens found within the body (Zeugolis and Raghunath, 2011). The amino 
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acid sequence of collagen is conserved throughout collagen types, with a glycine-proline-X or 

glycine-X-hydroxyproline, with X being any other amino acids, sequence (Wu et al., 2022). 

Glycine is the smallest amino acid thereby allowing a triple helix to be a close configuration, 

able to withstand stress (Shoulders and Raines, 2009). Collagens provide the tensile strength 

in tissues including muscles (Kovanen, 2002), promotes differentiation (e.g. Mesenchymal 

stem cells into oestoblasts) (Akhir and Teoh, 2020) and cell adhesion of the ECM through the 

interactions with the α1β1 integrin (Zeltz and Gullberg, 2016) (Rozario and DeSimone, 2010).  

 

Collagens are required for life and the natural development of tissues during embryogenesis 

of mammals. When loss of function experiments were completed by removing a selected 

collagen type there was a range of defects, reviewed by (Rozario and DeSimone, 2010). When 

collagen I was removed it was embryonic lethal due to aortic rupture in the M. musculus (Liu 

et al., 1995), this lethality was seen in the removal of other collagens (collagens III (Brachvogel 

and Mayer, 2004), IV (Brachvogel and Mayer, 2004), V (Wenstrup et al., 2004)). The removal 

of other collagen types were not lethal but produced defects in several tissues, for example 

collagen VIII produced notochord and eye defects in M. musculus and D. rerio (Hopfer et al., 

2005). The importance of collagen is further shown as mutations in collagen genes (COL1A1 

and COL1A2) have been linked to clinical pathologies, including osteogenesis imperfecta 

(Semler et al., 2019) and Ehlers-Danlos syndrome (Cortini et al., 2019).  

 

Collagens can be either fibril forming (a small or fine fibre) (Collagen type I, II, III), fibril-

associated collagens (collagen IX, XII), network forming collagens (collagens IV), membrane-

associated collagens (collagens XIII, XVII), or anchoring fibrils collagen (collagen VII) 

(Mecham, 1998, Ricard-Blum, 2011), see Error! Reference source not found.. Fibril 

collagens are staggered to form fibrils and are responsible for the tensile strength of the ECM 

(Kadler et al., 2007). Network-forming collagens have interruptions in the triple helix that make 
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these collagens flexible to form networks, a requirement for molecular flitering in basement 

membranes and interacting with other ECM components (Than et al., 2002). Fibril-associated 

collagens are relatively shorter collagens with interruptions in the triple helix, thereby allowing 

fibril-associated collagens to interact with the fibrillar collagens, linking collagen fibres to each 

other and with other ECM components, thereby creating a interconnected network within the 

ECM (Wu et al., 1992). Membrane-associated collagens are transmembrane proteins that act 

as cell surface receptors. For example, membrane-associated collagens (MACITs) with 

interrupted triple helices are responsible for the anchoring fibrils beneath the laminia densa of 

basement membrane (Kadler et al., 1996).  
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Table 1. Overview of ECM proteins, including collagen, laminin, fibronectin and elastin.  
Not every isoform of the protein is included here. Genes that transcribe each protein, their general structure, location, function and the matrix 
metalloproteinases that degrade the protein are listed. This table shows the variation in ECM proteins and the wide range of functions they provide. 

*There are limitations for idenitfying the spartial location of laminins due to differing chains appearing in multiple isopforms, for example chain 5 in both 
laminin 511 and 521.  

Protein Genes Structure Location Function 
Matrix 

Metalloproteinase 

Collagen I 

COL1A1 

COL1A2 (Shoulders 

and Raines, 2009) 

Heterotrimer to form into 

collagen fibrils 

(Ramachandran and Kartha, 

1955) 

Widespread throughout the 

body, i.e., bone, dermis, 

and tendons (Shoulders 

and Raines, 2009) 

Structural support and tensile 

strength (Theocharis et al., 2016) 

MMP 1, MMP 8, 

MMP 14 and MMP 

12 (Jabłońska-

Trypuć et al., 2016) 

Collagen II  
COL2A1 (Theocharis et 

al., 2016) 

Homodimer into fibril  

Collagen (Theocharis et al., 

2016) 

Majority located in cartilage 

(Shoulders and Raines, 

2009) 

Structural support and tensile 

strength (Theocharis et al., 2016)  

MMP1, MMP8 and 

MMP 14 

(Jabłońska-Trypuć 

et al., 2016) 

Collagen IV 

Network 

COL4A1, COL4A2, 

COL4A3, COL4A4, 

COL4A5, COL4A6 

Three heterotrimers forms of 

collagen IV. All form a 

network with interruptions in 

Basement membranes 

(Shoulders and Raines, 

2009) 

Basement membrane structural 

support (Wu and Ge, 2019) 

MMP2, MMP9, 

MMP7 and MMP12 
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(Shoulders and Raines, 

2009) 

their triple helix (Theocharis 

et al., 2016) 

(Jabłońska-Trypuć 

et al., 2016) 

Collagen XII 

FACIT 

COL12A1 (Theocharis 

et al., 2016) 

Short homotrimer with 

interruptions in the helix. 

Associates with collagen I 

and II (Theocharis et al., 

2016) 

Dermis and tendons 

(Shoulders and Raines, 

2009) 

Interacts with other collagen 

fibrils together (Theocharis et al., 

2016) 

MMP 12 

(Didangelos et al., 

2011) 

Collagen 

XIII 

MACIT 

COL13A1 (Logan et al., 

2015) 

Transmembrane homotrimer 

(Theocharis et al., 2016) 

Skin, eyes, and endothelial 

cells (Shoulders and 

Raines, 2009) 

Cell surface receptors, when 

cleaved soluble collagen 

(Theocharis et al., 2016) 

- 

Laminin 332 

LAMA3, LAMB3 and 

LAMC2 (Tzu and 

Marinkovich, 2008) 

Cross-shaped trimer (Tzu 

and Marinkovich, 2008) 

Skin (Rousselle et al., 1991) 

and mammary glands 

(Doliana et al., 1997, 

Champliaud et al., 1996) 

Cellular migration (Tzu and 

Marinkovich, 2008) 

MMP1, MMP3, 

MMP 7 MMP 11, 

MMP14 and MMP 

15  (Didangelos et 

al., 2011) 
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Laminin 511 

LAMA5, LAMAB1 and 

LAMC1(Tzu and 

Marinkovich, 2008) 

Cross-shaped trimer (Tzu 

and Marinkovich, 2008) 

Vascular endothelial cells, 

skin  and embryos 

(Champliaud et al., 2000) 

Basement membrane support, 

embryogenesis (Tzu and 

Marinkovich, 2008) 

MMP1, MMP3, 

MMP 7 MMP 11, 

MMP14 and MMP 

15  (Didangelos et 

al., 2011) 

Laminin 423 

LAMA4, LAMB2 and 

LAMC3 (Tzu and 

Marinkovich, 2008) 

Cross-shaped trimer (Tzu 

and Marinkovich, 2008)  

Central nervous system 

(Libby et al., 2000) and 

hippocampus (Egles et al., 

2007) 

Central nervous system 

organisation (Egles et al., 2007) 

MMP1, MMP3, 

MMP 7 MMP 11, 

MMP14 and MMP 

15  (Didangelos et 

al., 2011) 

Fibronectin 

FN1  

(Schwarzbauer and 

DeSimone, 2011, 

Hynes and Naba, 

2012) 

Can be soluble fibronectin or 

fibrils (To and Midwood, 

2011) 

Ubiquitous (Schwarzbauer 

and DeSimone, 2011, 

Hynes and Naba, 2012) 

Adhesion [(Singer et al., 1987), 

and cell migration (Veevers-

Lowe et al., 2011), 

differentiation (Samuel et al., 

1994)   

MMP2, MMP 3, 

MMP7, MMP 8, 

MMP15 and MMP 

17  (Didangelos et 

al., 2011) 
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Elastin 

ELN (Fazio et al., 

1988) 

Self-assemble into 

aggregates that can form 

elastic fibres (Visconti et al., 

2003) 

Major blood vessels, lungs, 

elastic ligaments, skin 

(Uitto, 1979) 

Provides the elastic ability of the 

ECM (Kristensen and Karsdal, 

2016), 

MMP 2, MMP 9, 

AND MMP 12  

(Rabkin, 2017) 
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Therefore, the varied nature of collagen and its importance for life requires a highly controlled 

biosynthesis. When the biosynthesis is not tightly controlled, during tumorigenesis, there is an 

increased production of collagen which can lead to increased promotes tumour progression, 

in for example lung cancer (Zhuang et al., 2013). Collagen genes (i.e., COLA1) are transcribed 

within cells, using a range of transcription initiation sites and alternative splicing (Ramshaw 

and Glattauer, 2019). The mRNA is then translated into pre-pro-collagen molecules containing 

a signalling domain protruding from the endoplasmic reticulum (Wu et al., 2022). Once the 

signalling domain is removed through the activity of a signal peptidase the molecule, the 

molecule is now classed as procollagen undergoes post-translational modifications (Wu et al., 

2022). The post translational modifications upon collagen are complex, varied and allow for 

heterogeneity in collagen molecules, which can alter the characteristics of collagen depending 

upon the niche, expanded on below (Wu et al., 2022). The differing collagen types are 

expressed in a pattern determined by location and time. For example, collagen type II is found 

predominantly in cartilage while type I is located in skin, organs and bone (Shoulders and 

Raines, 2009). During embryogenesis there is more type III collagen than in adults, (18% -21% 

than 8% - 11%) while type I collagen is reduced during the same time when compared to the 

collagen content in adult skin (70% -75% than 85% - 90%) (Anttinen et al., 1977). 

 

Hydroxylation is one of the post-translational modifications that collagens undergo. This 

modification is upon the proline and lysine residues (Gjaltema and Bank, 2017). The 4-

hydroxylysine is required for the assembly of collagen triple helixes (Berg and Prockop, 1973). 

The amount of hydroxylation is species dependent,  for example 3-hydroxyproline is found in 

the A1 section of collagen III in chicken skin but not in mammals (Hudson et al., 2011) and 

are dependent upon the type of collagen, collagen IV has the highest number of 3-

hydroxyproline residues (RISTELI et al., 1980). The amount of hydroxyproline differs between 

tissues for example, it is highest in the cornea and lowest in articular cartilage (Eyre et al., 

2011).  
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After hydroxylation of lysine residues, glycosylation, the addition of monosaccharide or 

disaccharide on hydroxylated lysine residues, occurs (Wu et al., 2022). Similar to 

hydroxylation, this process is also dependent upon the type of collagen and the niche the 

collagen is synthesised in. The glycosyl transferases are tissue dependent for example, 

glycosyl transferase 25 domain 2 is located specifically in the nervous system (Schegg et al., 

2009). Glycosylation can determine the diameter of the collagen fibres when formed, more 

glycosylation the thinner the collagen fibril diameter (Brinckmann et al., 1999).  

 

Following the post-translational modification, three pro-collagen chains assemble into a triple 

helix, and it is secreted into the intracellular space. Where collagen peptides cleave the N- 

and C-terminuses of the pro-collagen to form tropo-collagen. Lysyl oxidase (LOX) then forms 

a collagen fibril from several tropo-collagen molecules (Wu et al., 2022). These post-

translation modifications highlight the variation in collagen molecules despite collagen being 

the most abundant protein in the human body. Thereby demonstrating the variable nature of 

ECM is differing locations throughout the body.  

 

Laminin  

Collagen is only one component of the ECM, another component is laminin, a cross-shaped 

glycoprotein with up to three short arms and a long arm (shown in Figure 3) (Cheng et al., 

1997). Laminin forms a lattice-type network with itself (Cheng et al., 1997). Laminins are 

heterotrimers formed from three chains, one alpha (), one beta (), and one gamma () 

(Durbeej, 2010). Each chain is transcribed from individual genes, with several isoforms per 

chain, LAMA5 transcribes the RNA for laminin chain 5. For example, there are five different 

chains in vertebrates, and two isoforms for  chain 3 (3A and 3B), allowing for 6 different 

 chains (Miner and Yurchenco, 2004). Currently there have been sixteen laminin trimers 
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found and these sixteen laminin trimers have a spatial distribution within tissues (see table for 

examples) (Aumailley et al., 2003). Laminin trimers are named based on to the composition 

of the chains, laminin 111 is comprised of the 1 chain, 1 chain and the 1 chain (Aumailley 

et al., 2005).  

 

The three chains that comprise a laminin glycoprotein from the cross-shaped structure 

assemble into an  helical coiled coil (the long chain), till the c-termini of the  and  chains, 

the  chain has five laminin G-like (LG) domains following the coil structure (Colognato and 

Yurchenco, 2000). Above the coiled coil long tail, the short arms of each chain form the short 

arms and thereby the cross shape. The short arms share domains between chains; the 

globular laminin N-terminal (LN) domain, repeated laminin-type epidermal growth factor-like 

(LE) and within the LE domain are globular domains (one in chains  and  or two in the  

chain (Beck et al., 1990).  

 

Laminin biosynthesis begins with the transcription of all three laminin chains (Lissitzky et al., 

1986). There are splice variants of laminin chains, as the two isoforms of  chain 3 is controlled 

though the use of differing promoters to start transcription (Ferrigno et al., 1997). The RNA is 

then translated. The N-terminal signal peptides are removed from the translated chain proteins 

(Lissitzky et al., 1986). The chains then undergo glycosylation (post translational modification) 

while in the endoplasmic reticulum (ER), this increases the variation of laminin throughout the 

body in addition of the multiple isoforms of laminin (Cooper et al., 1981). Glycosylation of 

laminin can be up to 30% of the total molecular weight (Fujiwara et al., 1988). The 

glycosylation varies from chain to chain, for example the  chain 1 has more than  chain 5 

(Champliaud et al., 2000). The glycosylation is believed to protect against degradation (Morita 

et al., 1985). The laminin trimer forms within the ER of the cells, the  and  chains LG domains 
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associate first followed by the  chain (Yurchenco et al., 1997). Once the trimer is assembled, 

it can undergo further glycosylation in the Golgi organelle (Morita et al., 1985).  

 

The laminin glycoproteins are the adhesion proteins of the ECM (Tzu and Marinkovich, 2008). 

Laminin molecules provided the anchorage of cells to the ECM specifically the basement 

membrane (a thin ECM between epithelial tissues and connective tissues) (Tzu and 

Marinkovich, 2008). The laminin forms a network between itself through the short arms (Cheng 

et al., 1997). In addition to this, laminin also provides some structure or anchorage to the ECM 

though the interactions they make with other ECM components, including collagen VII (Sasaki  

et al., 2004). Laminin provides anchorage for cells through interactions with integrins upon the 

cell surface (Tzu et al., 2005).  

 

Further, laminin also plays a role in maintaining pluripotency (Rodin et al., 2010) and migration 

(Hintermann et al., 2005). Laminin 511 and 521 maintain embryonic stem cells in pluripotency 

(Rodin et al., 2010). Laminin 332 is thought to favour cell migration through the binding with 

the α3β1 and α6β1 integrins (Hintermann et al., 2005), and has been implicated in wound 

healing perhaps due to cell migration (Frank and Carter, 2004).  

 

Fibronectin 

Fibronectin is a ubiquitous ECM protein and is a second adhesion protein of the ECM (Walters 

and Gentleman, 2014), it is an important component of the ECM, for example when mice have 

inactive fibronectin, they have a lethal phenotype due to vascular deformities (George et al., 

1993). Fibronectin is functional when in fibrils, therefore the fibronectin molecules must 

assemble into interconnected fibres (Dalton and Lemmon, 2021). Fibronectin organises the 

ECM, as the assembly of other matrix components (i.e., collagen) are dependent upon a 
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provisional fibronectin network (Singh et al., 2010). Fibronectin is also able to bind to the ECM 

members, for example collagen (Leikina et al., 2002). 

 

Fibronectin has several roles in differentiation (Martino et al., 2009), cell adhesion (Ruoslahti 

and Pierschbacher, 1986), and cell migration (Veevers-Lowe et al., 2011). Fibronectin is 

required for the differentiation of several tissues (skeletal, limb, neural tube, and cardiac) 

during feotal development (Samuel et al., 1994). In addition, Fibronectin has been found to 

promote the differentiation of adult stem cells to skeletal lineages (Martino et al., 2009). 

Fibronectin can bind to many integrins found upon the cell surface, this provides a cell 

adhesion role as well as an interface with the ECM, reviewed by (Plow et al., 2000). An 

important cell binding domain on fibronectin is the RGDS motif sequence. RGDS provides 

attachment between the cells and the ECM (Ruoslahti and Pierschbacher, 1986), including 

though interactions with integrins (51 and 53) (Singer et al., 1987). The interactions with 

cell surface integrins promote cell migration through the cross talk between the receptor 

tyrosine kinase platelet-derived growth factor receptor β and the 51 integrin in stem cells 

(Veevers-Lowe et al., 2011).  

 

Fibronectin is comprised of two subunits connected by disulphide bonds (Zollinger and Smith, 

2017). The fibronectin subunits are formed from a series of three repeating domains (I, II, III) 

(Hynes and Naba, 2012). Differing from collagen and laminin, fibronectin is encoded by a 

single gene and the variation in isoforms are produced due to alternative splicing to produce 

20 isoforms of fibronectin (Schwarzbauer and DeSimone, 2011, Hynes and Naba, 2012). The 

fibronectin alternative splicing can integrate extra domains; extra domains A (EDA), extra 

domain B (EDB) and a variable region (V region) into the fibronectin structure (Ffrench-
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Constant, 1995). The splicing is cell type dependent, for example neither EDA or EDB are 

found in plasma fibronectin (Gehris et al., 1996).  

 

The heterogeneity of fibronectin is achieved through the alternative splicing (Veevers-Lowe et 

al., 2011) and through post-translational modifications (such as, glycosylation, and 

phosphorylation) (Yalak et al., 2019). The glycosylation of fibronectin has been suggested to 

prevent the degradation of fibronectin (Liu et al., 2021) and the glycation can modify ligand 

binding during liver regeneration (Sano et al., 2008). The phosphorylation of fibronectin has 

been found to increase cell attachment (Veevers-Lowe et al., 2011).  

 

Elastin 

Elastin, shown in Figure 3 in grey, is another ECM component as a structural protein (Eckes 

et al., 2010). It provides the majority of elasticity to the ECM, and it is 1000 times more elastic 

than collagen (Kristensen and Karsdal, 2016), particularly in tissues such as the arterial wall 

and the lining of the lungs (Kozel et al., 2011). Elastin is a hydrophobic monomer with no 

defined secondary structure but instead forms random coils that can then be connected via 

intermolecular cross-linking, a process which is catalysed by lysyl oxidase (LOX) (Kozel et al., 

2011). In the arterial wall elastin is structured to form thin lamina, thereby allowing the blood 

vessel to expand (Glagov et al., 1992). Whereas in the skin elastin fibres are rich in the dermis 

so that the skin can be flexible (Roten et al., 1996). Mutations in elastin can result into several 

diseases for example Williams-Beuren syndrome, a developmental disorder of the central 

nervous system (Ewart et al., 1993) and supravalvular aortic stenosis, a disease characterised 

by the narrowing of arteries (Curran et al., 1993).  
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Elastin is only produced during late embryonic development till the end of adolescence, with 

the produced elastin having to last the remainder of the adult animal’s (Myers et al., 1983). 

Elastin is transcribed from a single gene (ELN) (Fazio et al., 1988) and in humans is subject 

to splice variants (Reichheld et al., 2019). The elastin gene is translated into tropoelastin 

monomers, and then moved to the ER (Swee et al., 1995). While in the ER tropoelastin 

interacts with elastin binding protein resulting in the secretion of tropoelstin to the cell surface 

(Hinek et al., 1995). The tropoelstin then aggregates are then cross-linked with LOX (Umeda 

et al., 2001). The aggregates then get despotised upon the elastin fibres, comprised of multiple 

proteins including fibrillin (Visconti et al., 2003). A post translation modification found on elastin 

is the hydroxylation of prolines residues (occurs on 1% of residues) (Jacob and Hornebeck, 

1985). The hydroxylation is species and tissue depdenent, for example, intervertebral disc has 

the hightest hydroxylation (Schmelzer et al., 2016).  

 

PGs and GAG 

In addition to the proteins in the ECM there are also proteoglycans (PGs) and GAG present. 

As well as being found within the ECM itself, PG are found on the surface of cells, (Iozzo and 

Schaefer, 2015a) and are capable of interacting with cell surface receptors cytokines and 

growth factors (Balasubramanian and Zhang, 2016). Because of this flexibility, PGs are 

commonly classified by location and structural type (Gao et al., 2018). Structurally, they can 

be grouped into small leucine-rich PGs, aggrecan family PGs, or basement membrane PGs. 

The intracellular PG is Serglycin, while the membrane-bound PGs are considered 

transmembrane, or glycosylphosphatidylinositol (GPI) anchored PGs. Transmembrane PGs 

have a cytoplasmic section, a transmembrane domain, and an extracellular domain. This is 

where GAGs are located (Iozzo and Schaefer, 2015b). While PGs can interact with cell surface 

receptors, cytokines, and growth factors through the core protein, the large majority of possible 

reactions take place through the GAGs (Iozzo and Schaefer, 2015b). 
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PGs are comprised of a core protein that GAGs can covalently bind to (Karamanos et al., 

2018). GAGs are therefore an important part of cell functions as they provide pathways to 

proliferation, adhesion and differentiation, through the interactions with other proteins 

(Izumikawa et al., 2014). Chondroitin sulfate a GAG, stimulates the proliferation and migration 

of human chondrocytes through -catenin and the suppression of MMPs (Hsu et al., 2022) 

and is required for pluripotency and differentiation of stem cells (Izumikawa et al., 2014). 

Thereby demonstrating some of the pathways GAGs can alter cell behaviour.  

 

GAGs are polysaccharides of varying lengths, with repeating disaccharides of acetyl-

galactosamine or acetyl--glucosamine (hexosamines) and glucuronic acid or iduronic acid 

(hexuronic acids), GAGs are therefore extremely distinctive (Mikami and Kitagawa, 2017). 

GAGs are  also highly negatively charged which helps to attract and maintain the water content 

of the ECM (Ikemoto et al., 2017). GAGs are substituted in a location specific manner with 

sulfate groups to the hydroxyl groups of the hexosamines, hexuronic acid and galactose or to 

the amino group of glucosamine (Gao et al., 2018, Karamanos et al., 2018). GAGs can be 

sub-divided. The Galactosaminoglycans: Chondroitin Sulfate (CS) and Dermatan Sulfate. The 

Glucoaminoglycans: Heparin Sulfate (HS), Heparin, Keratan Sulfate, and HA. More detail is 

provided on GAGs in Chapter 3.  

 

Growth factor reservoir 

In addition to the interactions between ECM components and cells, the ECM can hold a range 

of growth factors as a biochemical gradient or reservoir for growth factors, thereby controlling 

cell behaviours (Flaumenhaft and Rifkin, 1991). Several different components of the ECM 

have growth factor binding motifs, allowing for the localisation of soluble factors (Kirkpatrick 

et al., 2004). An example of this is the process through which fibroblast growth factor (FGF) 2 
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binds to HS (Rapraeger et al., 1991). The lack of FGF2 binding to HS reduces the fibroblast 

growth and FGF2 binding to the cell surface FGF receptor 1 (FGFR 1) (Rapraeger et al., 1991, 

Yayon et al., 1991). However not all FGF2 bound to HS, activates the FGFR, differing HS 

structures prevent FGF binding to FGFR1 while FGF is bound to HS (Guimond et al., 2006). 

Fibronectin can bind vascular endothelial growth factor (VEGF) (Hynes and Naba, 2012). 

When Fibronectin is bound to VEGF and the integrin 51, there is a promotion of migration 

and proliferation in endothelial cells (Wijelath et al., 2006). Collagen type II has a domain 

capable of binding to transforming growth factor β1 (TGF-β1) and bone morphogenetic protein 

2 (BMP-2) resulting in negative regulation of these growth factors, which are important for the 

dorso-ventral axis in embryology (Garcia Abreu et al., 2002). The ability of the ECM to interact 

with the soluble growth factors is therefore an important function of the ECM.  

 

Cell anchorage and mechanosensing  

The ECM interacts with cells as well as physically anchoring then through cell surface 

receptors. Such receptors include integrins (Barczyk et al., 2010) and other families such as 

dystroglycans (Barresi and Campbell, 2006) and the syndecan PGs (Woods, 2001). Integrins 

are transmembrane proteins with two subunits ( and ) (Barczyk et al., 2010). The principal 

integrin pairs that interact with the ECM are those with the 1 subgroup. These interact with 

collagen, laminins, and fibronectin, the latter two of which are the adhesive proteins in the 

ECM (Barczyk et al., 2010, Humphrey et al., 2014). Integrins activate downstream signalling 

through focal adhesion kinases (FAK) (Vicente-Manzanares and Horwitz, 2011). The 

connectivity formed by the interaction of the cellular cytoskeleton via integrins out to the ECM 

through fibronectin forms a critical pathway which the cells use to interact with their 

environment, and forms part of the cellular mechanosensing process (Jansen et al., 2017). 

The physical forces exerted on cells embedded within the ECM can therefore alter the 
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cytoskeleton of that cell, changing its shape (Heer and Martin, 2017) and behaviour, for 

example a reduction in adipogenesis in stiff substrates (Kuroda et al., 2017).  

 

A major force sensed by cellular mechanotransduction (the conversion of mechanical stimulus 

to the cell) is the stiffness of the ECM. This relative stiffness is dependent on both the 

composition of the ECM and its organisation, the stiffness of the ECM, therefore differs 

between tissues (Muiznieks and Keeley, 2013). This value is typically expressed as the elastic 

modulus or Young’s modulus as shown in Table 2, the measure of tensile or compressive 

strength when a known force is applied (Jastrzebski, 1959). During embryogenic development 

(e.g., head-tail axis development) (Petzold and Gentleman, 2021), wound healing (e.g., 

myofibroblast differentiation) (Rosińczuk et al., 2016) and disease, such as cancer (Seewaldt, 

2014), the elasticity of the surrounding ECM has a direct impact on cell behaviour. The use of 

Caenorhabditis elegans embryos demonstrated that during embryogenesis the elongation in 

the head-tail axis relies upon tissue stiffness and mechanical stress (Vuong-Brender et al., 

2017). In 32 – 112 cell chordate embryos the single cell stiffness differs depending upon the 

hemisphere of the embryo (Fujii et al., 2021). In wound healing the myofibroblasts contract 

and stiffen the matrix, causing a positive feedback loop that results in stimulating the 

differentiation of myofibroblasts (Wipff et al., 2007), myofibroblasts produce and organise the 

ECM during wound healing (Hinz, 2016). In breast cancer the stiffening of the ECM results in 

increased microRNA 18a that reduces tumour suppressant pathways (Mouw et al., 2014), 

showing a direct line to between the stiffness of the ECM and disease progression.  
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Table 2. Differences in Young’s modulus between tissues. The stiffness values shown between 
organs. Adapted from (Handorf et al., 2015, Butcher et al., 2009).  

 

Tissue 

Youngs Modulus (Elastic Modulus) 

(kPa) 

Fat 0.5 – 1.5 

Brain 1 - 4 

Kidney 5 - 10 

Heart 10 -15 

Intestine 20 - 40 

Cartilage 1000 - 1500 

Bone 15000 - 20000 

 

Changes to the ECM compostition 

However, despite this, the ECM itself does not remain static, and is constantly remodelled in 

response to specific triggers e.g., during development (Lee et al., 1984), wound repairing 

(Schilling, 1976, Li et al., 2007), disease (Lu et al., 2011) and tissue development (Simon-

Assmann et al., 1995). The ECM is continuously produced with distinct components and the 

ECM is degraded by specialist enzymes such as matrix metalloproteinases (MMPs) (Lu et al., 

2011). Examples of this include, MMP 1, MMP 8, MMP 14 and MMP 12 that can degrade collagen 

I (Error! Reference source not found.) (Jabłońska-Trypuć et al., 2016), see Table 2. 

 

The synthesis of ECM proteins can be complex with the production of precursors and then 

crosslinking to form the matrix as seen above. The creation of the ECM components is 
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therefore complex and well controlled by the cells. The degradation of the ECM components 

(e.g., collagen by MMPs) are tightly controlled to avoid abnormal degradation of the ECM. 

Error! Reference source not found. demonstrates the range of different MMPs that degrade 

ECM proteins. Excess ECM production and degradation has been found to be present during 

tumour formation reviewed by (Winkler et al., 2020). The reverse condition where there was 

an excess of MMPs (ECM degradation) have been described in cancer (Zucker and Vacirca, 

2004), osteoarthritis (Burrage et al., 2006), and emphysema (Gharib et al., 2018).  

 

1.3 Three-dimensional cell cultures 

The creation of three-Dimensional (3D) cell culture is an important aim as there is a shift from 

animal models and the 2D culture method to 3D cell culture models. The large interest in 3D 

cell culture can be seen through the publication of over 43,500 research articles published in 

the last year alone. The search to gather this figure included the words hydrogels, “3D culture”, 

3D, scaffolds, or synthetic matrix, (pubmed.gov). This demonstrates that there is an accepted 

need for 3D models throughout the scientific community. The main goal of 3D cell culture is 

to create the most accurate model systems, of disease (e.g., tumour models breast cancer 

(Casey et al., 2017)), tissues (e.g., pancreatic organoids (Candiello et al., 2018)) and specific 

cell types (e.g., adipocytes (Louis et al., 2019)) for a variety of applications. Some key 

applications are tissue regeneration (Chuah et al., 2017), disease modelling (Sidhaye and 

Knoblich, 2021), drug testing (Wang and Jeon, 2022) all of which enable for greater 

understanding of life. Cartilage regeneration is one such example of an applications for 

hydrogels, where research is ongoing into using hydrogels to repair cartilage defects. Tissue 

regeneration could occur though either cartilage replacement grown on a 3D model or through 

a 3D culture within the defect that stimulated tissue regeneration (Wei et al., 2021). 3D models 

have been designed to model disease, for example a methacrylated hyaluronic acid system, 



Introduction 

Three-dimensional cell cultures 

© Sarah McGinlay  
12 

with a controllable stiffening ability was used to model fibrosis (Caliari et al., 2016). A 3D model 

of pancreatic ductal adenocarcinoma found that the patient specific response to anti-cancer 

drugs was replicated more accurately in the 3D model than periously used models (Osuna de 

la Peña et al., 2021). This highlights the potential of 3D culture methods to function as model 

for drug testing and the benefit of personal-dervied primary cells that can be used within 

hydrogels for personalised models.  

 

Due to the complex nature of physiology, no one model will be able to replicate all in vivo ECM 

environments and 3D culture systems therefore must be tailored to the situation and desired 

aim. The physical characteristics of the ECM varies among tissues and as detailed above, has 

a huge effect on the cells the ECM surrounds. Therefore, when designing systems to culture 

cells in 3D several physical characteristics need to be considered: the composition and 

concentration of the ECM components, porosity, stiffness (due to crosslinking or material 

selection), presence of any artificial biochemical gradients and the potential for remodelling.  

 

These 3D culture methods offer a multitude of benefits over 2D; cells either encapsulated in 

or seeded on to 3D culture methods can form cellular interactions in all planes surrounding 

themselves. Cells in 3D models can interact with a typically softer environment than tissue 

culture plastic, and the presence of ECM proteins (improved cell – ECM interactions) typically 

either provided by the scaffold or ‘captured’ as they are secreted by the cells. These factors 

make the 3D models more representative of the ECM found in human tissues and therefore 

provide greater use as accurate model systems (Tibbitt and Anseth, 2009). 
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Substrates for 3D cultures 

The characteristics of each 3D culture method must be selected for the desired cell type, 

outcome, or complexity. As the understanding of how important the reciprocal nature of the 

ECM and the cells it surround has grown, more work has incorporated ECM components into 

in vitro culture methods. There are several different methods to include ECM components, 

decellularised ECM tissue or hydrogels with natural components or epitopes. 

 

Decellularized ECM tissues that are sterilised have been reused for culture cells (Zhang et al., 

2022b, Morissette Martin et al., 2018) (see Error! Reference source not found.). 

Decellularized ECM has been selected to culture cells since 1995 where decullarilised small 

intestinal submucosa was used model for Achilles tendon repair (Badylak et al., 1995). 

Decellularized whole lungs have been used to culture pulmonary epithelium and vascular 

endothelium cells to create a hierarchical organization within the matrix that could participate 

in gas exchange (Petersen et al., 2010). The matix lungs were not without problems as the 

alveolar barrier function was insuffient to prevent blood from entering the airways (Petersen 

et al., 2010). This decellularized ECM has the benefit of replicating the compositiion, structure 

and even vascularisation of native ECM in the lungs. However, the decellurization methods 

can vary and each have their disadvantages, reviewed by (Moffat et al., 2022). For example, 

physical methods like freeze thaw cycles which may disrupt the ECM structures and chemical 

methods such as ionic detrgents can reduce GAGs and alter ECM structures (Liu et al., 

2017b). Another example of decellularized ECM is extracted from rat livers and used to form 

hydrogels where human adipose-derived stem cells were differentiated into functional 

hepatocytes (Lee et al., 2014). This process provides a complex network of natural ECM 

components for cell culture with a large range of ECM components that can not be replicated 
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in full by artificially produced hydrogels but does not replicate the mechanical properties of the 

native tissue.  

 

However, decellularized ECM is the ECM from a specific spatiotemporal point of a tissue and 

may not be representative of the desired conditions for the wanted experiment. As the ECM 

varies in composition and structure depending upon the location and processes occurring 

(e.g., differentiation or migration) any decellularized ECM needs to be selected for a situation 

as close to the wanted experimental conditions. An example of this is the study of 

adipogenesis (formation of adipocytes), during the early adipogenesis there is a different ECM 

composition to late adipogenesis (e.g., there is a reduction in fibronectin (Kubo et al., 2000)). 

A decellularized scaffold from late adipogenesis will therefore be functionally different from an 

early adipogenesis scaffold, that will result in differing behaviour. Chen et al. (2019) used a 

poly-(dl-lactic-co-glycolic acid) and collagen construct to culture human mesenchymal stem 

cells to produce cultures of either no adipogenesis, early adipogenesis or late adipogenesis. 

These constructs were then decellularized and used as scaffolds to assess the effect of ECM 

from different stages of adipogenesis. Both the no adipogenesis and late stage adipogenesis 

scaffolds inhibited the adipogenic differentiation of human mesenchymal stem cells (Chen et 

al., 2019). Similar results were found by others where early adipogenesis ECM stimulated the 

more adipogenesis than late adipogenesis ECM (Hoshiba et al., 2010, Cai et al., 2016). The 

use of decullarilsed scaffold is therefore a viable option for cell culture due to their high 

complexity and replication of native ECM environments but it is not always preferable if the 

ECM does not match the wanted experimental ECM. In addition, if studying the ECM produced 

or the effect of specific components of the ECM on the behaviour of cell the complexity of the 

decellurlsed scaffolds becomes a hindrance. As it will become more difficult to determine the 

effect of a specific ECM component, Therefore, other 3D methods of culture have been 

created, see Figure 4. 
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Figure 4. Three dimensional hydrogels methods that can be used to replicate the ECM for cell 
culture. 
A Decellularized ECM has the whole ECM of a tissue and can be sterilised and reseeded with 
cells (Zhang et al., 2022b, Morissette Martin et al., 2018). However, it is the ECM isolated from a 
specific time and place. B Synthetic hydrogels have been mixed with selected ECM components 
to form a more representative model of the native ECM (Osuna de la Peña et al., 2021, Ahmad et 
al., 2022). C Synthetic hydrogels displaying cell-binding peptide motifs, present on ECM proteins 
can used to support interactions between the biomaterial in a fully synthetic hydrogel. (Anderson 
et al., 2009, Ferreira et al., 2013b). D The hydrogels containing binding motifs that can sequester 
secreted natural matrix components (SMMC) to direct cells towards the required cell fate (Shah et 
al., 2010, Tomaszewski et al., 2021). Figure made in Biorender. 
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Hydrogels are meshwork of polymers, peptides, or polysaccharides; either natural or 

synthetic, see Table 3, that trap and retain water. The meshwork of polymers creates a porous 

substrate with high permeability for oxygen and nutrients. The stiffness of hydrogels can be 

tuned, through increases in the concentration of the substrate being used, for example 

increasing alginate or gelatin concentrations (Giuseppe et al., 2018), as can it’s porosity, 

through several methods depending on the hydrogel, an example is freeze-drying can 

increase pore size (Annabi et al., 2010). Synthetic hydrogels can be edited to present ECM 

epitopes (i.e. RGDS) (Ishida et al., 2020) or combined with ECM componenets. The polymers 

used to make the hydrogels can be synthetic (e.g., polyallylamine and polyethylene glycol) 

(Pandala et al., 2022), natural (e.g., collagen) (Torabizadeh et al., 2022) (see Table 3) or a 

mixture of both, for example designed peptides with keratin or fibronectin for a model of ovrian 

tumours (Hedegaard et al., 2020).  

 

The natural hydrogels have several benefits in that they have good biocompatibility and 

physical characteristic (viscoelastic, pore size and bioactive interactions) reviewed by (Ho et 

al., 2022). In addition, natural hydrogels are often bioactive and can direct cellular behaviour. 

For example, the presence of RGDS motif found on collagen in collagen hydrogels, can 

enhance cellular attachment (Davidenko et al., 2016). Collagen is a commonly used hydrogel 

for the culture of stem cells (human mesenchymal stem cells) (Kuo and Tuan, 2008) to cancer 

cells (e.g., human colon carcinoma cells) (Ali et al., 2014). Hydrogels made from collagen 

have a low stiffness, degradability and batch to batch variability reviewed by (Caliari and 

Burdick, 2016). HA is another natural hydrogel that is extensively used (Lou et al., 2018, 

Goodarzi and Rao, 2021). To control the physical characteristics of HA hydrogels work has 

been completed to modify HA and allow for a range of crosslinking (Burdick and Prestwich, 

2011).  
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Table 3. The variety of natural and snythetic hydrogel materials. The advantages and disadvantages of various natural and snythetic hydrogels and the 
interactions that form the hydrogel. Edited from (Leberfinger et al., 2017). 

 

 Advantages Disadvantages Bonding Reference 

N
a
tu

ra
l 

C
o
lla

g
e

n
 I

 

Bioactive, and cell attachment 

through RDGS 

Low stiffness (<1kPa), 

easily clogs, limited stability, 

and batch to batch variation 

Electrostatic 

interactions 

(Walters and Stegemann, 2014, 

Caliari and Burdick, 2016, 

Duarte Campos et al., 2014) 

C
h
it
o
s
a

n
 

Antibacterial, antifungal 

Slow gelation, easily clogs, 

weak mechanical properties 

therefore often mixed with 

other ECM components 

Electrostatic 

interactions 

(Qu et al., 2018, Pellá et al., 

2018) 

A
lg

in
a

te
 

Fast gelation, low cost, stable 
Poor attachment, clogs, and 

no cell attachment 

Electrostatic 

interactions 

(Caliari and Burdick, 2016, 

Leberfinger et al., 2017) 
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H
A

 

Bioactive, results in proliferation, 

angiogenesis, has fast gelation, 

and the stiffness can be modified 

through the molecular weight of HA 

used 

Rapid degradation, often 

requiring chemical 

modification (hydroxyl group 

modified by an ester bond) 

Covalent 

crosslinking 

(Li et al., 2019, Leberfinger et 

al., 2017, Xu et al., 2012) 

S
y
n
th

e
ti
c
 

P
E

G
 

Blank slate hydrogel, low cost, 

mechanical properties can be 

specified 

No adhesion, bioinert and 

requires chemical 

modification or combination 

with ECM components for 

bioactive ability 

Physical or chemical 

crosslinking 

(Caliari and Burdick, 2016, Della 

Sala et al., 2020, Cao et al., 

2021) 

M
e
th

a
c
ry

la
te

 g
e
la

ti
n

 As a modified gelatin, it is 

bioactive, high mechanical strength 

and its mechanical properties can 

be altered (i.e., UV intensity for 

cross linking) 

Slow gelation, and UV light 

can cause cell death 
UV light 

(Caliari and Burdick, 2016, 

Leberfinger et al., 2017, Klotz et 

al., 2016) 
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P
e
p

ti
d
e
s
 

(e
.g

.,
 P

A
) 

User designed for wanted 

properties (i.e., stiffness or 

bioactive epitopes) 

Weak long-term stability, 

and expensive to produce 

Electrostatic 

interactions 

(Caliari and Burdick, 2016, 

Matson and Stupp, 2012) 
P

o
ly

v
in

y
l 
a
lc

o
h
o
l 
(P

V
A

) 

High elastic modulus and high 

strength, low cost, mechanical 

properties can be managed 

No adhesion, bioinert and 

requires chemical 

modification or combination 

with ECM components for 

bioactive ability 

Physical or chemical 

crosslinking 

(Ho et al., 2022, Wang et al., 

2021) 

 

 



 

© Sarah McGinlay 21 

Synthetic polymers used in creating hydrogels include polyethylene glycol (PEG), an easily 

modified polymer (Lin and Anseth, 2009) and polyvinyl alcohol (PVA) (Okita et al., 2021), used 

in a range of research. PEG hydrogels with oligopeptide substrates for MMPs have been 

researched for bone regeneration and proangiogenic ability (Lutolf et al., 2003, Moon et al., 

2010), and organoid culture, where a PEG hydrogel that supports intestinal organoids (Cruz-

Acuña et al., 2017). I 

 

Synectic hydrogels have been mixed with selected ECM components. For example, peptides 

and ECM proteins (collagen type I, fibronectin, laminin and hyaluronan) model create for 

pancreatic cancer (Osuna de la Peña et al., 2021). In addition, natural polysaccharides have 

been added to synthetic models. A PEG and HA hydrogel has been created for bone marrow 

organoids (Vallmajo-Martin et al., 2020). The blending of natural and synthetic components 

form a more accurate representation of the true environment being modelled while still being 

able to control the physical characteristics of the hydrogel, (shown in Figure 4)Error! 

Reference source not found. (Osuna de la Peña et al., 2021, Ahmad et al., 2022). Synthetic 

hydrogels have also been designed to express epitopes, that are normally present on ECM 

components. These can add interactions between the ECM and cells in the hydrogel without 

adding the ECM components, therefore allowing the research into a specific role or function 

completed by the ECM protein or motif. This allows for cells to interact with the motif, resulted 

in an alteration in behaviour. For example two of the most common bioactive motifs that have 

been added to synthetic hydrogel materials, are the RGDS (from fibronectin) and IKVAV 

(derived from laminin) (Kleinman et al., 1991) motifs, for increased attachment (Storrie et al., 

2007) and neuronal differentiation respectively (Silva et al., 2004). This is an approach to build 

scaffolds from the nano scale to the micro, the characteristics can be dependent upon the 

individual building blocks (Hedegaard et al., 2020, Derkus et al., 2020). The model can be 

made as complex as needed with the presence of one to multiple bioactive epitopes. Anither 

method by which synthetic hydrogels can also be made to mimic the natural interacts within 
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the ECM is to express binding motifs that can sequester desired ECM components and growth 

factors to direct a selected cell fate (Shah et al., 2010, Tomaszewski et al., 2021) (see Figure 

4). 
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1.4 Thesis aims objectives 

Despite much interest and progress in the application of synthetic environments, for 3D cell 

culture to mimic in vivo tissues, there remains a real need for improved replication of the ECM 

in vitro. To accurately replicate the role of the ECM in supporting, directing, and maintaining 

the functions of multiple cell types, new models must be explored. The interest in this research 

is due in part due to an understanding of the vital role the ECM has supporting, directing, and 

maintaining the actions of cells that maintain all life.  

 

This thesis will cover work on two independent models, which can be seen as attempts to 

tackle similar aims from opposite directions, see Figure 5. Objective 1 was to provide a natural 

3D hydrogel to support cells during adipogenesis. This was an example of top-down 

engineering, where an ECM component (collagen), enriched in the native ECM being 

replicated. Objective 2 was to influence cells by capturing, and maintaining them in a matrix 

enriched with their own ECM components. The was a bottom-up approach where specific 

peptides were used to build a synthetic hydrogel with selected physical characteristics (more 

specifically charge). In both settings, the aim was to alter the behaviour of cells in culture, 

influenced by their environment. 
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Figure 5. The differing approaches to hydrogel design and development, within this work. 
A The first hydrogel system will show a potential model for the differentiation of fat cells 
(Adipogenesis). This was a top-down model, a selected ECM protein found in fat (adipose) tissue 
(collagen) was combined with alginate to make a natural hydrogel, with ECM interactions. B The 
second hydrogel designed from the bottom-up. Synthetics peptides were selected with wanted 
characteristics, the presence of charge, to capture native expressed ECM proteins. The ball of 
cells upon the hydrogel are expected to have expressed native ECM (shown in orange and green) 
captured within the synthetic hydrogel. Figure produced in Biorender.  
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CHAPTER 2. ALGINATE FIBRE TO CULTURE STEM CELLS DURING 

ADIPOGENIC DIFFERENTIATION. 
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2.1 Introduction 

2.1.1 Obesity 

One of the most prevalent problems currently facing the world is the sharp rise in obesity, 

specifically in adults. In the UK 63% of adults are overweight and half of these people are 

classified as obese and 1 in 3 children leave primary school (11 years old) are overweight (UK 

Government, 2020). It is well known that obesity leads to an increase in life-threatening 

secondary conditions, such as cancer (Assumpção et al., 2022), type 2 diabetes (Golay and 

Ybarra, 2005), and heart disease (Csige et al., 2018). The burden of obesity and obesity-

related diseases was calculated to cost the tax payer in 2021 £58 Billion (Frontier, 2022), and 

as such the British government has made reducing obesity levels an important aim for the 

next few decades (UK Government, 2020). It has therefore never been more important to 

expand upon research in adipogenesis, specifically the modelling of adipogenesis, in order to 

provide a model to test potential therapeutic drugs that could be used, in combination with 

lifestyle changes, to reduce obesity.  

 

Obesity is the result of an energy imbalance in the body, where more calories are consumed 

than the body metabolises. The excess energy is stored as triglycerides in adipocytes, more 

specifically white adipocytes (Mescher, 2016). Therefore, a key target of obesity research is 

in the differentiation and characterisation of adipocytes. 

 

2.1.2 Adipocytes 

White adipose tissue (WAT) is an endocrine organ and connective tissue which helps to 

maintain energy homeostasis in mammals by storing excess lipids and releasing energy in the 

form of free fatty acids when needed, for example, during fasting or exercise (lipolysis) 
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(Trayhurn and Beattie, 2001). However, this homeostasis is not always maintained, and 

excess WAT can form, leading to metabolic dysfunction (Al-Goblan et al., 2014). White 

adipocytes are circular cells with a large singular lipid droplet (unilocular) with a low number 

of mitochondria, see Figure 6 (Richard et al., 2020). In adults, WAT is mainly located 

subcutaneously and viscerally around the internal organs (Park et al., 2014). 

 

Figure 6. Graphical representation of the three adipocytes types.  
White adipocytes are represented on the left with large unilocular droplets, lower number of 
mitochondria and the nucleus located at the periphery. The cells in centre display a mixture of 
white and beige adipocytes. The beige adipocytes are adipocytes that derived from white 
adipocytes but have some of the characteristics of brown adipocytes. The beige cells have an 
increased number of lipid droplets, and an increased number of mitochondria present. The brown 
adipocytes on the right are multilocular with many smaller lipid droplets, and many mitochondria. 
Figure made in Biorender. 

 

Brown adipose tissue (BAT) contains a second type of adipocyte composed of several smaller 

lipid droplets (multilocular), and a greater number of mitochondria than WAT (Baba et al., 

2010) (see Figure 6). BAT maintains the body temperature in rodent (Ghorbani et al., 1997) 
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and human new-borns in hypothermic conditions through non-shivering thermogenesis (Lidell, 

2019). Thermogenesis is activated by cold temperature, through the metabolism of the stored 

lipids resulting in the production of heat. (Brychta and Chen, 2017, Nedergaard and Cannon, 

2013). Thermogenesis requires the expression of UCP1 (expressing uncoupling protein 1) 

(Brychta and Chen, 2017, Nedergaard and Cannon, 2013) and as such the expression of 

UCP1 is a major characteristic of brown adipocytes (Park et al., 2014).  

 

Table 4. The locations of WAT and BAT in human newborns and adults.There is a reduction in 
BAT as humas age (Zoico et al., 2019). Adapted from (Zoico et al., 2019).  

 

 WAT BAT 

N
e
w

-b
o
rn

 

o Visceral (around organs) 

o Mesenteric 

o Perirenal (around kidneys) 

o Subcutaneous (under skin) 

o Abdominal 

o Gonadal (around reproductive 

organs) 

o Interscapular 

A
d
u
lt
 

o Visceral (around organs) 

o Mesenteric 

o Perirenal (around kidneys) 

o Subcutaneous (under skin) 

o Abdominal 

o Gonadal (around reproductive 

organs) 

o Supraclavicular 

o Scapular 
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The brown in white adipocytes or beige adipocytes are the third known adipocyte type, these 

cells have a brown-like function and are found within WAT depots (as seen in Figure 6. Beige 

cells are white adipocytes activated by β3-Adrenoreceptors (β3-Ars) or cold exposure (Harms 

and Seale, 2013). Despite BAT characteristics being expressed in beige cells, there are 

numerous differences between the two, the most obvious being lower amounts of UCP1 and 

less mitochondria (Wang and Seale, 2016, Wu et al., 2012). On top of this, brown cells are 

autonomous while beige cells must be activated by cold exposure (Wang and Seale, 2016). 

Beige cells also have a flexible phenotype able to store lipids or undergo thermogenesis (Wu 

et al., 2012).  
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2.1.3 Mesenchymal stem cells 

Adipocytes are derived from mesodermal cells (Sebo and Rodeheffer, 2019). Therefore, 

Mesenchymal stem cells (MSC) are used to model adipogenesis (Velickovic et al., 2019). 

MSC are adult stem cells that can be found in several different parts of the body including 

adipose tissues (Bianco, 2014), bone marrow (Li et al., 2016) and the umbilical cord 

(McElreavey et al., 1991). In 2006, The International Society for Cellular Therapy defined the 

features of mesenchymal stem cells. First, MSC in culture conditions are attached to culture 

plastic. Second, the MSC express CD90, CD73 and CD105 surface markers but no 

hematopoietic or endothelial surface markers (i.e., CD45, CD14). Finally, MSCs are 

multipotent and are capable of differentiation into adipocytes, osteoblasts and chondroblasts 

(Dominici et al., 2006).  

 

2.1.4 Adipogenesis 

The two main transcription factors during adipogenesis are peroxisome proliferator-activated 

receptor gamma (PPAR) and CCAAT enhancer binding proteins (C/EBPs) (Tontonoz et al., 

1994). Though there is an overlap in the expression of PPAR and C/EBP, PPAR on its own is 

able to stimulate adipogenesis, while C/EBPs cannot achieve this when PPAR is absent 

(Tontonoz et al., 1994, Rosen et al., 2002).  

 

PPARs are a nuclear hormone receptor super family of ligand-activated transcription factors that 

can either increase or decrease DNA transcription (Tyagi et al., 2011). PPAR can be activated by 

insulin (Rieusset et al., 1999) and both mRNA and protein can be down-regulated with fasting 

(Kajita et al., 2008). PPAR is also required for the maintenance of differentiated adipocytes. 

Without PPAR the adipocytes die (Schoonjans et al., 1995).  
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C/EBPs are leucine zipper transcription factors and the first transcription factors induced during 

the first wave of adipogenesis including the stimulation of PPAR (Wedel and Ziegler-Heitbrock, 

1995), see Figure 7. There are several members of the family which are expressed during 

adipogenesis ,  and . Once PPAR is induced a feedback loop is created by stimulating C/EBP 

and thereby itself (Kajita et al., 2008). The activation of C/EBP and PPAR can then promote 

adipogenesis though the activation of over 3000 target genes (Lefterova et al., 2008). For example, 

C/EBP stimulates the transcription of glucose transport 4 (GLUT4), thereby increasing the 

glucose present in the cell, the glucose can then be turned into fatty acids stored in lipid droplets 

in adipocytes (Lefterova et al., 2008, Wang, 2010). 

 

 

 

 

 

 

 

 

 

 

Figure 7. A simplified representation of the control of adipogenesis. 

The key genes required for adipogenesis are shown in the centre (PPAR C/EBP  and ). 

C/EBP stimulates the expression of PPAR generating a feedback loop. These genes then 
activate up to 3000 tagrget genes for adipogenesis, including KLF9, GLUT4 and KLF5. KLF9 also 

stimulates the expression of PPAR KLF2, 7 and wingless (WNT) inhibit the adipogenesis process 
(in red). Different genes or conditions stimulate the production of specific adipocytes. For the 
production of white adipocytes BMP4 (bone morphogenic protien) and BMP2 are required. While 

the brown adipocytes requires PRDM16, PGC1 and CtBP1 and 2. BMP7 has also been found to 
stimulate brown adipocytes.  
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C/EBPs can induce Krupppel like factors (KLF). KLFs are zinc finger transcriptions factors, which 

also play a large role in adipogenic differentiation (McConnell and Yang, 2010, Uchida et al., 2000). 

KLF5 is induced early in adipogenesis by C/EBP and C/EBP and can bind directly to the PPAR2 

promoter to activate transcription (Oishi et al., 2008) thereby promoting adipogenesis. KLF9 is 

upregulated in the middle of adipogenesis and indirectly activates PPAR by activating C/EBP 

(Pei et al., 2011). KLF can also down regulate adipogenesis with KLF2 and 7 repressing the PPAR 

promoter (Wu et al., 2005, Cho et al., 2007, Wu and Wang, 2013).  

 

Several of the above genes are required for the formation of both white and brown adipocytes 

however, there are specific genes that are only required for the creation of brown adipocytes. 

Transcription factor PR Domain Containing 16 (PRDM16) is a transcriptional co-regulator of 

PPAR that determines brown adipocytes, and when mice are deficient in PDRM16 (through the 

crossing of knockout mice) there is a reduction of thermogenic gene expression (Harms et al., 

2014). This is because it forms a complex with C/EBP that controls the initial process in brown 

adipocyte development (Kajimura et al., 2009). PRDM16 represses the expression of WAT genes 

by interacting with CtBP1 and CtBP2 (C-Terminal Binding Protein 1 and 2) (Vernochet et al., 2009), 

while at the same time inducing BAT genes by interacting with the coactivator PGC-1 (PPAR 

Co-Activator 1 alpha) (Hondares et al., 2011). PGC-1 is raised during cold exposure, it induces 

the expression of UCP1, and is not required for brown adipocyte differentiation (Puigserver et al., 

1998).  

 

2.1.5 Extra cellular matrix of adipose tissue 

As mentioned in the introduction (section1.3 p11) the ECM differs dependent upon the location 

and requirements for the cells. An example of this would be, the differing locations of adipose 

tissue depots (Strieder-Barboza et al., 2020). In particular, it was found that altering the ECM 

can alter the thermogenic ability of such adipocytes, LAMA4 knockout mice were seen to be 
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more obesity resilient and expressed more thermogenic markers (Gonzalez Porras et al., 

2021).  

 

Collagens (types I-VII present), laminin, fibronectin, elastin and glycosaminoglycans (GAGs) 

are found in adipose tissue (Napolitano, 1963, Chun et al., 2019). The largest contributor to 

the ECMs are the Collagens which make up 30% of any tissue found within the body (Frantz 

et al., 2010) and provide the tissue with vital tensile strength (Kadler et al., 1996). The 

proportion of the collagen types differs between lean people and the obese, collagen VI 

increased with obesity (Pasarica et al., 2009). Immunostaining of stromal vascular 

preadipocytes from black cattle showed that all collagen types except type II stained intensely, 

collagen II is therefore present in smaller amounts (Nakajima et al., 2002a). Collagen VI is 

enriched within adipose tissue (Scherer et al., 1998). Type I collagen surround adipocytes to 

provide the structure required for the tissue, it does this by forming either thin fibres or thick 

bundles of heterodimer in triple helix (Nakajima et al., 2002a). Kubo et al. immunostained for 

ECM components of the adipogenesis of stromal vascular cells of male F1 (C57BL/6 • C3H) 

mice, for a period of a month (Kubo et al., 2000). In the experiment collagen I was kept to the 

cytoplasm while the cells were pre-adipocytes. After induction, the collagen I network covering 

the cell surface began to form, becoming dense and well organised, see Figure 8 (Kubo et al., 

2000).  

 

Collagen III, on the other hand is located around the unilocular adipocytes but showed no 

network formation (Kubo et al., 2000). Collagen V forms a similar network that covered the 

whole adipocyte resembling a cobweb pattern. Microfibres (heterodimers) comprised of 

Collagen V and Collagen VI form between the collagen I bundles forming a cobweb style 

network (Kubo et al., 2000, Nakajima et al., 2002a). Collagen IV serves as a basement 
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membrane (a thin sheet of ECM underneath the epithelium) for adipose tissue located under 

the vascular endothelial layer (Brown et al., 2011).  

 

Fibronectins have been found to be most present during preadipogenic stage of long term 

culture of stromal-vascular cells from mice and decay during adipogenesis (Antras et al., 

1989). During the immunostaining the fibronectin network was most organised and larger 

during the early stage of adipogenesis (Kubo et al., 2000). Figure 8 highlights the changes in 

ECM proteins through adipogenesis. Laminin formed balloon like structures around 

adipocytes (Kubo et al., 2000).  

 

When the deposition of ECM was quantified, there was an increase in the mementioned ECM 

proteins in the early days of adipogenesis (Nakajima et al., 2002a). More specifically, 

fibronectin production decreased after day 4 (Nakajima et al., 2002a), in line with the 

immunostaining in Kubo et al (Kubo et al., 2000). The laminin production increased before 

reaching a plateau by day 4 (Nakajima et al., 2002a). There was a decrease in all collagen 

production by day 10 (Nakajima et al., 2002a). The ECM is therefore produced and laid down 

during early adipogenesis. Collagen types were altered differently throughout the 

adipogenesis, with collagen V and VI increasing and becoming denser by day 10. This 

suggested that as the triglycerides increase in the lipid droplets the ECM forms a differing 

structure to maintain and support the lipid swollen adipocytes (Nakajima et al., 2002a).  
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Figure 8. A graphical representation of the ECM surrounding the adipocytes during a month long 
culture in male mice.  
The change ECM is shown above, with 7 ECM proteins based off immunostaining (Brown et al., 
2011, Kubo et al., 2000). The presence of ECM proteins is required for adipogenesis, and they 
may play a role in physically supporting and maintaining the lipid filled adipocytes. Not drawn with 
correction proportions. Figure made in Biorender. 
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2.1.6 Current 2D culture of adipocytes 

The majority of research into adipogenesis is completed on flat 2D surfaces (i.e., flasks or 

culture plates) allowing for the growth of monolayers of cells in an easily controlled 

environment. 2D culture methods have been seen to grow and maintain viable cells through 

a multitude of differentiation media and cell types (Ahmad et al., 2017, France et al., 2014, De 

Melo et al., 2019). 2D culture methods have also shown themselves as a highly repeatable 

methodology allowing for confidence in the research. 

 

However, 2D cultures are not representative of the in vivo configuration of adipose tissue 

(Turner et al., 2017) as they miss the multidimensional cell-to-cell connections, which can 

impact cell signalling. Cell signalling is an important process for the differentiation of 

adipocytes (Yeganeh et al., 2012, Azarnia and Russell, 1985) and as such the monolayer 

formation used in 2D cultures does not fully recapitulate the in vivo structure. The 2D tissue 

culture products have flat stiff surfaces, and are thought to have a low elastic ability and do 

not bend (Fekete et al., 2018). This may be detrimental for studying adipogenesis as 

adipocytes fill with lipid droplets as they mature; in particular white adipocytes filling with large 

amounts of lipids, which go on to eventually fil the whole cytoplasmic space (Mescher, 2016). 

The increase in lipids causes the cells to become rounder and to lose their contact to the 

culture plate, as well as more buoyant (Lee and Fried, 2014, Zhang et al., 2000). This could 

also result in mature adipocytes progressively losing their attachment.  

 

The stiffness of the 2D culture may have a negative effect upon adipogenesis as adipocytes 

are mechanosensitive and cyclic stretching has been observed to reduce adipogenesis in 3T3-

L1 mouse pre-adipocytes (Sen et al., 2008). The stiffness of 2D is determined by the tissue 

culture plastic, which has been reported to have a Young’s modulus of >1GPa (Travers et al., 



Alginate fibre to culture stem cells during adipogenic differentiation. 

Introduction 

© Sarah McGinlay 37 

2016). Whereas in hydrogels as mentioned the stiffness can be altered to suit wanted 

conditions. This mechanosensing could also determine the MSCs differentiation into the type 

of adipocyte (white or brown) (Rahaman et al., 2014, Lin and Farmer, 2016) Static force also 

reduces adipogenesis through the down regulation of PPARγ2 (Tanabe et al., 2004). The 

stresses and strains of the 2D culture plastic may in addition change the shape of 

differentiating cells; if the cells become more spread then less adipogenesis is seen and 

osteogenesis is more likely (Ang et al., 2014). Therefore, the stretching of multipotent 

progenitors such as MSC during 2D culture may inhibit adipogenesis.  

 

Additionally, the stiffness of the culture plates themselves may also be a problem as soft 

substrates (2-3kPa) have been reported to promote adipogenesis even without the addition of 

adipogenic media (Young et al., 2013), while stiff hydrogels (around 59kPa) have been seen 

to make MSCs preferentially differentiate into osteoblasts (Darnell et al., 2018, Hogrebe et al., 

2018). The elasticity of adipocytes is much lower than that of osteoblasts (0.9+0.8 kPa and 

6.5+2.7 kPa, respectively) (Darling et al., 2008). Adipocytes have recently been shown to 

decreases in stiffness as the lipid volume increases (Abuhattum et al., 2022). Therefore, a 

model for adipogenesis may benefit from using a softer or more elastic surface.  

 

2.1.7 The 3D culture of Adipocytes 

To achieve a more realistic working 3D model for adipogenesis, different 3D culture models 

are currently being investigated in many forms. For example, hydrogels (Louis et al., 2017, 

Albrecht et al., 2022), fibres (more in depth discussion below) (Unser et al., 2016b), 

microfluidic systems (Compera et al., 2022, Chen et al., 2022) and decellularized scaffolds 

(DeBari et al., 2021). A recent example of hydrogels used, include a bio-printed gellum gum 

(a polysaccharide produced by the bacterium Sphingomonas elodea) to culture human 
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primary adipose stem cells. The adipose stem cells were viable over 98 days and there was 

an increase in adipogenesis (differentiation rate of 78%) (Albrecht et al., 2022). While the 

gellum gum was a natural hydrogel, it is not a polysaccharide found in human adipose tissue 

as such there was no reported interaction between the gellum gum and the primary adipose 

stem cells, the differentiation rate may be due to the soft stiffness of the gellum gel (Young et 

al., 2013). This research didn’t analysis the native expressed ECM by the adipose stem cells, 

which would have provided evidence of the hydrogels ability to replicate adipose tissue. A 

modified HA with the RGDS epitope was combined with collagen I and collagen VI, was used 

to culture the preadipocyte cell lines (3T3-L1 and 3T3-F442A) and human white preadipocytes 

were cultured (Louis et al., 2017). This hydrogel was therefore comprised of natural ECM 

components found in adipose tissue and had a low stiffness (0.45 ± 0.05 kPa) that is required 

for adipogenesis. The cells were encapsulated were viable and underwent adipogenesis with 

increased and earlier differentiation than 2D, when gene analysis was completed (Louis et al., 

2017). This model is a demonstrates the usefulness of hydrogels from natural ECM 

components.  

 

The microfluidic systems are small on chip culture comprised of microfluidic channels to 

supply small amounts of fluids to the cell cultured. One example of microfluidic systems for 

adipocyte culturing was created by Chen et al. (2022). It was a simple three channel chip with 

a central channel for a hydrogel mixture containing mouse preadipocytes (3T3-L1). The 

hydrogel was comprised of collagen I mixed with a range of decellularized matrix components 

(subcutaneous or visceral adipose tissue from mice with either a high fat-diet or low-fat diet). 

The adipocytes did differentiate in the model and demonstrated a more representative 

morphology (than 2D) (e.g., more spherical) (Chen et al., 2022). This model provided a 

complex mix of ECM components to culture cells. However, there was no identification of any 

differences in the proteomics between the different decellularized ECMs. In addition, there 
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was no analysis of whether the different decellularized ECM produced any difference in the 

cultured adipocytes.  

 

A more complex microfluidic model used a multichannel chip with 96 3D cell cultures within 

32 fluidically individually units (Compera et al., 2022). The human adipogenic stem cells 

formed aggerated spheriods from single cells in a suspension culture, the lack of ECM was 

chosen to allow for mass spectrometry without interference from all exogenous ECM 

components. The adipocytes were successfully differentiated and maintained for two weeks 

and demonstrated a change in proteomics depending of glucose alterations (Compera et al., 

2022). While this model has the advantages of many samples per chip and reduced regent 

needs, the suspension culture has no mechanical stimulation for the cells.  

 

Scaffolds used to culture adipocytes include decellularized lung tissue, due to the presence 

of collagen I, VI and VI in the lung tissue (DeBari et al., 2021). The human adipose stem cells 

were viable and able to differentiate within the decellularized lungs (DeBari et al., 2021). 

However, this research was completed with the aim of creating an adipocyte tissue graft for 

filling large defects, the aims therefore differed from other 3D models of adipocyte culture. In 

this case the aim was a pre-vascularised high density adipocytes from patient derived adipose 

cells, such a model could not be used to model adipose tissue for research proposes (DeBari 

et al., 2021).  

 

A popular model for adipogenesis has been the creation of spheroid cultures; where the 3D 

cultures show a higher adipogenic gene expression (e.g., CCAAT/enhancer-binding protein 

(C/EBP) β, peroxisome proliferator-activated receptor (PPAR) γ, fatty acid-binding protein 4 

(FABP4)), than those seen in standard 2D culture (Wolff et al., 2022, Mandl et al., 2022). While 
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there has been works to investigate the ECM nativity expressed in the spheroid cultures 

(Christiane Hoefner et al., 2020, Shen et al., 2021) this ECM data was assessed to show how 

successful the model was not to assess the effect of the ECM component and 3D culture.  

 

When cultured in Matrigel, a hydrogel comprised of several ECM proteins (Hughes et al., 

2010), the adipocytes demonstrated a higher level differentiation by 3T3-L1 cells (Josan et al., 

2021). The potential benefits of these models are the ability of cells to maintain more natural 

cell-cell adhesions, as well as the formation of an environmental niche with the 3D distribution 

of extracellular matrix (ECM) components (Unser et al., 2016b). The inclusion of ECM 

components provides support, ligands for cell membrane receptors, and a source for signalling 

factors required for cell migration and differentiation. Specific examples of ECM factors include 

collagen I and VI, which are required for ECM structure and remodelling (Bonnans et al., 

2014). The use of ECM components is also more likely to have a softer and/or more elastic 

culture environment which will also benefit adipogenesis (Jin, Rozario and DeSimone, 2010). 

 

2.1.8 Alginate 

The use of biomaterials, such PEG and collagen has also been reported to model 

adipogenesis in 3D, for example through the creation a PEG and collagen hydrogel, where 

PEG allowed for mechanical control and collagen a bioactive ability (Lee et al., 2023). 

Hydrogels can be similar to native extracellular matrix in terms of biocompatibility and 3D 

properties (Unser et al., 2015). A common natural material used for hydrogel formation is 

alginate; a polysaccharide extracted from brown seaweed (Helgerud et al., 2009). Alginate is 

found naturally in brown seaweeds (i.e. Ascophyllum) as part of the cell wall and is then 

extracted using alkali solutions (i.e. NaOH) (Helgerud et al., 2009). Alginate is a biomaterial 

currently used in wound healing, (alginate has anti-microbial and regenerative features) 
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(Barbu et al., 2021), cell culture (3D cell culture hydrogels) (Kang et al., 2021) and bone tissue 

regeneration, reviewed by (Venkatesan et al., 2015) due to its biocompatibility.  

 

Alginate can form a stable hydrogel when interacting with Ca2+, Ba2+, Mg2+ and Sr2+ (Helgerud 

et al., 2009, Machida-Sano et al., 2012). It is a polyanionic (negativity charged at several sites) 

polysaccharide formed from linear residues β-D-Mannuronic acid (M) and α-L-Guluronic acid 

(G) (Haug, 1964). G is an epimer of M or in other words, M and G are isomers where one of 

the carbon atoms is asymmetric (Haug, 1964). The variation the organisation and amount of 

G or M residues alters the chemical characteristics, including hydrogel formation (Haug, 

1964). Alginate has been used in a range of cell culture (Liu et al., 2017c), and can be used 

in many forms from layers on chips (Workman et al., 2007), microbeads (Patel et al., 2016) 

and micro-strands (Raof et al., 2011).  

 

Alginate in solution is highly viscous due to the intramolecular electrostatic repulsion from its 

polyanionic nature, the viscosity of chitosan was found to be 187.2 mPa s at 1 s−1 while 

alginate was 797.2 mPa s at 1 s−1 (Purwanti et al., 2018). To form a hydrogel, the alginate 

needs to create cross-links of divalent or multivalent cations to the carboxylates and hydroxyls 

on the residues, thereby producing an intermolecular hydrogel network (Haug, 1964, Haug et 

al., 1970) (Figure 9). This cross-linking takes place instantaneously. A hydrogel of alginate 

can be reversed and then returned to a solution, using chelating agents for divalent cations, 

for example sodium citrate and ethylenediaminetetraacetic acid (EDTA), (EDTA is used to 

passaging mesenchymal stem cells) (Smidsrød and Skja˚k-Br˦k, 1990, Soleimani and Nadri, 

2009). The other benefit to using alginate as a 3D culture method is that the gentle release of 

cells entrapped in alginate hydrogels allows for further downstream processing including serial 

passaging in 3D (Ikeda et al., 2017).  
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Figure 9. The structure of alginate residues and their bonds with calcium ions.  
A The structure of Alginate residues β-D-Mannuronic acid (M) and α-L-Guluronic acid (G). The 
residues drawn, show that they are epimers of each other. B The intramolecular interaction 
between the cation calcium and the carboxylates or hydroxyls on the alginate, results in the 
formation of an alginate hydrogel. Figure made in Biorender. 

 

Alginate is a biocompatible material able to be physically manipulated, allowing easier 

movement when in the laboratory (Tam et al., 2011). Another benefit of alginate is that small 

molecules (~<60kDa) can pass through the pore sizes present in alginate hydrogels allowing 

for nutrient exchange (Li et al., 1996). In addition, alginate hydrogels are soft, the young’s 

modulus can be as low as 2kPa, though this is dependent upon concentration of alginate, 

cross-linker and the molecular weight of the alginate (Dalheim et al., 2019, Freeman and Kelly, 

2017), potentially allowing for better culturing of adipocytes. Alginate hydrogels have been 

used as an encapsulating agent for cell culture but with the exception of neural cells, most cell 
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types can not adhere to the surface of alginate hydrogels (Kang et al., 2012). To counteract 

this alginate hydrogels have been formulated with ECM components, such as alginate-gelatin 

(Sakai et al., 2008), and by the addition of ECM component motifs, for example alginate-

RDGS (Alsberg et al., 2001). The alginate-gelatin fibre hydrogel supported smooth muscle 

cells on the surface and endothelial cells in the core, before being encased in collagen and 

the alginate degraded, to form channels of cells within the collagen hydrogel. In the preliminary 

testing on 2D alginate did not allow for cell attachment (Sakai et al., 2021). An RDGS modified 

alginate was studied with the aim of bone regeneration, when unmodified alginate was used 

there was a minimal cell adhesion but the modified alginate was found to increase cell 

adhesion, cell proliferation and cell differentiation into osteoblasts (MC3T3-E1 cells) (Alsberg 

et al., 2001).  

 

These mixed alginate hydrogels mentioned above have to be used to make ‘surface type’ 

hydrogels where cells are seeded upon the external surface of the fibres and as such are still 

a version of 2D culturing as there is a monolayer of cells on the surface of the fibre (Lee et al., 

2010, Hirayama et al., 2013). For a true 3D approach with 360° of culturing the cells need to 

be seeded within the fibre (encapsulation). To encapsulate cells, the cells are re-suspended 

in the pre-gel solutions, if the pre-gel solution is alginate by itself then the cells will still have 

problems adhering. A solution to this was to create soft-core fibres, which use an ECM 

component as a core for the fibre. Cells are re-suspended into an ECM component to which 

the cells can adhere. The alginate hydrogel is then created around the soft-core containing 

the cells (Trebbin et al., 2013, Bouhlel et al., 2022).  
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2.1.9 Fibres as an adipogenic culture model 

Alginate cell encapsulating hydrogel fibres, also named ‘core shell hydrogel fibres’, are formed 

by a laminar flow device or co-axle needle (Onoe et al., 2010). This is where a collagen 

solution core containing cells is first surrounded by sodium alginate solution and then by a 

calcium chloride solution. The use of calcium chloride, results in crosslinking of the alginate 

around the collagen/cell solution. The fibre can then be wrapped around a cylinder or weaved 

(Onoe et al., 2010). Different cell types (cortical cells and the HepG2 cells) trialled in this 

method were able to fill the space within the core for up to 18 days and kept the shape of the 

fibre after the alginate shell was removed due to cell-cell adhesion and interactions with the 

collagen (Onoe et al., 2010). The cell types tested in this model maintained their metabolic 

activity in the fibres even when weaved. This work has been suggested as a method to build 

3D functional artificial tissues (Onoe et al., 2010). 

 

Human induced pluripotent stem cells have also been cultured within hydrogel alginate fibres, 

without the presence of Matrigel, collagen or collagen present or Matrigel present in the core. 

The fibres were assed as a more viable system for stem cell expansion (Ikeda et al., 2017). 

They allowed for cells to proliferate while maintaining a small aggregate cell thickness. It was 

also shown that the fibres had the ability to expand the number of stem cells greatly, as the 

cells proliferated up to 14-fold in 8 passages. The expansion was done by passaging the cells 

from the fibres after removing the alginate shell and entering back into a collagen solution to 

have more fibres produced (Ikeda et al., 2017). The human stem cells remained pluripotent 

even after the serial passaging for 44 days (11 passages) shown in the high levels of 

pluripotent associated marker genes (i.e., Nanog and Oct3/4). The cells within the fibre were 

able to differentiate into all three germ layers again showing pluripotency remains (Ikeda et 

al., 2017). Therefore, the alginate fibres were a viable system to maintain and expand several 

cell lines while maintaining their ability to differentiate. 
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An alteration to the above method created fibres with a liquid centre made by creating alginate 

fibres covered in 0.05% poly-l-lysine (PLL) and incubating in 1.6% sodium citrate to liquidise 

the alginate with the PLL (Raof et al., 2011, Unser et al., 2016b). The Murine WT-1 

preadipocytes within the fibre then differentiated into adipocytes and remained viable for the 

27 days of culture (Unser et al., 2016b). The presence of adipocytes, specifically brown 

adipocytes was confirmed using ORO, though images were not clear, and the presence of 

PPAR2, Perilipin (present of the surface of lipid droplets) and UCP1 were identified using 

immunochemistry. There was an increase in relative expression (fold change) of UCP1, PGC1 

alpha and Ap2 (fatty acid binding protein 4) compared to 2D culture of the same cells (Unser 

et al., 2016b). This model did not have any addition of ECM proteins which as mentioned are 

an important component of adipogenesis.  

 

There are two methods available to create hydrogel fibres: extrusion and laminar flow, see 

Figure 10 (Zhang et al., 2010, Kiriya et al., 2012). The extrusion method simply extrudes a 

pre-gel solution in a syringe needle or micro-nozzle (i.e. alginate) into a gelling solution (i.e. 

CaCl2) (Zhang et al., 2010). Laminar flow is the most commonly used method where 

embedded syringe needles or glass capillaries are used to form a laminar flow within a 

microfluidic channel and when the two fluids interact gelation occurs (Kiriya et al., 2012). 

Laminar flow allows for a more controlled creation of hydrogel fibres as the flowrates and 

dimensions of the needles or capillaries can be altered depending on desired characteristics 

of the fibre (Kiriya et al., 2012, Trebbin et al., 2013). 
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Figure 10. Diagramatic representation of extrusion or laminar flow hydrogel production. 
A In extetrusion printing the polymer is extruded out of the nozzle under pressure to form a 
continous fibre or filament. This method can be use for simple hydrogel fibre production or can be 
present in bio-printing with a movable platform to create more complex structures, reviewed in 
(Zhang et al., 2022c). B Laminar flow is the flow of solutions in smooth paths with little to no mixing. 
In fibre creation a core (green) is surrounded by a secondary solution, often a biomaterial, such as 
alginate, and then surrounded by the gelator for the biomaterial. Thereby creating a layered fibre 
that forms continously from the needle or pipette tip (Onoe et al., 2013).  
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2.1.10 Chapter aims 

The increasing levels of obesity have raised need for adipogenesis research in recent years. 

The current method of culture tends to be 2D which is not representative of adipose tissue, 

thereby reducing the efficiency of this research. This pilot study will describe the initial 

assessment of a collagen I core fibre and whether it has the capabilities to be an accurate 3D 

model for mouse mesenchymal stem cell adipogenesis and proliferation. The mouse cells will 

be used as they have be used often in the research of adipogenesis (Velickovic et al., 2018). 

In further work after a pilot study human cells would be more presentative. First, the production 

method of the fibre will be assessed for it to be a reliably produced and that the model can be 

manipulated and stable throughout culture. Second, the ability of the fibre to maintain viable 

cells throughout a culture time of 14 days will be investigated. Third, the ability of the cells 

within the fibre to undergo adipogenesis will be researched, also through 14 days. The final 

aim will be to assess any changes in the differentiation ability of the cells cultured within the 

soft-core fibre once removed from the fibre.   
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2.2 Materials and methods 

2.2.1 Cell Culture 

Mouse mesenchymal stem cells (D1) (MSCs) (ATCC CRL-12424) were maintained at 37℃ 

with 5% CO2 in control Medium; low glucose Dulbecco’s modified Eagle’s medium (DMEM) 

(ThermoFisher, UK) supplemented with 1% penicillin/streptomycin (ThermoFisher, UK), 1% 

non-essential amino acid (ThermoFisher, UK), 1% L-Glutamine (ThermoFisher, UK) and 5% 

foetal bovine serum (ThermoFisher, UK) (Velickovic et al., 2018, De Melo et al., 2019). 

Adipogenesis was induced when the MSCs were at 80% confluency with adipogenic medium; 

standard maintenance medium supplemented with 1M Rosiglitazone (Cayman Chemicals, 

USA), 100M isobutylmethylxanthine (IBMX) (Sigma-Aldrich, UK), 1M Dexamethasone 

(Cayman Chemicals, USA), and 10g/mL Insulin (Sigma-Aldrich, UK), previously used 

(Velickovic et al., 2018). The Medium was changed every 48 hours.  

 

2.2.2 Laminar flow soft-core fibre production 

The MSCs cells were removed from the culture flasks with trypsin and re-suspended (5 million 

cells per mL) in collagen I solution (3mg/mL) comprised of Dulbecco’s Modified Eagles 

Medium (DMEM), NaOH (0.79%) (1N) (Corning, UK) and collagen I (Sigma-Aldrich, UK). A 

mixture of 2% w/v alginate solution (FMC Agro Ltd, Flintshire, UK) and 2% w/v CaCl2 (Sigma-

Aldrich, UK) were prepared and loaded into 50mL syringes. The alginate solution was first 

pushed through the co-axel needle (18G) (Electrospinning, China) at a rate of 0.4mL/min to 

make sure the alginate flows through the needle in the correct direction. The CaCl2 solution 

was then pushed through at a rate of 0.4mL/min to surround the alginate, thereby allowing the 

CaCl2 to form crosslinks with the alginate and form the fibre. The needle was set 16cm away 

from a roller and the fibre was then placed upon the roller spinning at a rate of 60 RPM: 

creating a fibre bundle. Once a solid fibre is produced the collagen I (3mg/mL)/cell solution (5 
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million cell/mL) was flushed through the smaller needle (27G) in the centre, at a rate of 

0.08mL/min; creating a soft-core cell laden fibre. A new fibre was pulled every minute during 

this process. See Figure 11 for a representation of fibre creation.  

 

After pulling, the fibres were further cross-linked for 2 minutes in warm crosslinking medium: 

dH2O supplemented with HEPES buffer (10x stock) (10%) (Sigma-Aldrich, UK), 1mL 2% 

Antibiotic-Antimycotic (AB/AM) (ThermoFisher, UK), CaCl2 (100mM) and NaOH (1N) until pH 

~7.4. The fibres were then transferred to washing medium, comprised of DMEM with 2% 

AB/AM in an incubator set at 37℃ and 5% CO2 for 2 hours, in 6-well plates (1 fibre per well). 

The time in the washing media allowed the collagen I to polymerise. The final fibres had a 

calculated radius of 0.727mm with the alginate layer being 0.622mm thick and the radius of 

the inner collagen core was 0.105mm. Method similar to previous work (Onoe et al., 2013).  
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Figure 11. A graphical depiction of the creation of the fibre.  
The fibre was created by co-axel needles (inner/outer 27G/18G) through which a core of MSC 
stem cells (5 million cell/mL) and collagen I solution (3mg/mL) (pink) was surrounding by 2% w/v 
alginate solution (yellow). The alginate was then set into a hydrogel by the surrounding it with 2% 
w/v CaCl2 solution (blue). The set alginate hydrogel fibre was then coiled for a minute and then a 
new fibre was made. The alginate fibres were further cross linked for 2 minutes in cross linking 
solution with 100mM CaCl2. The collagen was polymerised in DMEM for 2 hours. Figure made in 
Biorender. 

 

2.2.3 Cell Seeding 

MSCs (D1) (ATCC CRL-12424) cells were seeded on top of 2D culture plastic with the same 

number of cells as a fibre. Therefore, 400’000 cells per 3.5 cm2 were seed (12-well plate; 

Fisher Scientific, Leicestershire, UK). Adipogenesis was then induced in selected plates and 

fibres with the addition of adipogenic medium added to 2D cultured cells and the fibres. The 

medium was changed every 72 hours for the fibres.  
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2.2.4 Cell Metabolic Assays 

The cell viability was assessed using a measure of metabolic activity from the resazurin-based 

Presto Blue reagent (10% w/v) (ThermoFisher, UK), based off a metabolic assay previously 

used (Velickovic et al., 2019).. Cells were cultured in 10% v/v Presto Blue in control medium 

(presto blue solution) and incubated for 40 minutes at 37ºC. The 2D wells were incubated in 

500l of presto blue solution per well, but as the fibres were physically larger the volume of 

presto blue solution used was 2mL per fibre. 100l of the Presto Blue medium was taken to 

have the fluorescence measured. The fluorescent signals were measured in triplicate using 

an Infinite M200 PRO plate reader and i-control software (Tecan, Switzerland). The signal 

measured was at an excitation of 560nm and emission of 590nm and then expressed in 

arbitrary units (AU). The reaction between the preston blue solution and the cells within the 

fibre was therefore four times more diluted than the reaction in 2D (2mL of presto blue solution 

than 500l), to compensate the measured signal from the fibres (AU) was multiplied by four. 

Data shown as mean +/- SEM. 

 

2.2.5 Live and dead imaging 

Calcein AM (2M) and Ethidium homodimer (4M) (R&D Systems, UK) were supplemented 

in the maintenance medium. The fibres were incubated in 2mL and the 2D in 500l of the 

staining solution for 30 minutes at room temperature. Both were then live imaged on a Nikon 

Eclipse TS2 microscope coupled with a Nikon D3300 camera (Nikon Instruments Inc, USA). 

Calcein AM has an excitation of 494nm and an emission of 517nm (green), while ethidium 

homodimer has an excitation of 528nm and an emission of 617nm (red) (Bradley et al., 1998).  
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2.2.6 Lipid staining. 

Bodipy 493/503 (4,4-Difluoro-1,3,5,7,8-Pentamethyl-4-Bora-3a,4a-Diaza-s-Indacene) 

(ThermoFisher, UK) was used to show the presence of lipids. Maintenance medium was 

supplemented with 1l/mL of Bodipy as used by De Melo and others (Velickovic et al., 2018, 

De Melo et al., 2019). Live fluorescent images were taken on the Nikon Eclipse TS2 

microscope and Nikon D3300 camera.  

 

For the ORO staining of the plates the previously used protocol was used (Velickovic et al., 

2019, De Melo et al., 2019). For the staining the fibres were washed in HEPES buffer (25mM) 

(pH 7) not Phosphate buffered saline (PBS) and then fixed in 4% paraformaldehyde (in 

HEPES buffer) (ThermoFisher, UK) for 20 minutes. Once washed again with the HEPES 

buffer the fibres were covered in 1mL per well of 60% ORO solution (Sigma-Aldrich, UK) for 

15 minutes. The fibres were then washed in phenol free medium (ThermoFisher, UK) to 

remove ORO stain trapped in the fibre itself not the cells. The fibres were placed in 60% 

isopropanol for 30 seconds to remove non-specific staining, then placed back into the phenol 

free medium. The 60% isopropanol washes and medium washes were repeated until as much 

as possible of the non-specific ORO stain was removed. The fibres were then imaged using 

Nikon Eclipse TS 100 microscope with a Nikon coolpix S10 VR camera (Nikon Instruments 

Inc, USA). Data collected over several days kept the settings within the plate reader for the 

measurement of ORO absorption.  

 

2.2.7 Removing cells from fibres 

The alginate surrounding the fibres was removed using a chelating agent, sodium citrate 

(Sigma-Aldrich, UK). The fibres were placed into two concentrations of sodium citrate (150mM 

and 75mM) with 5mL per fibre. The dissociated fibre mixture containing the cells were then 
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spun down to remove the fibre components (centrifuged at 2000rpm for two minutes). The 

cells were re-suspended in maintenance medium or trypsin before reseeding. The cells re-

suspended in 0.5mL of trypsin (ThermoFisher) for two minutes at 37℃ were then spun down, 

the trypsin was removed, and the cells re-suspended in standard maintenance media. All the 

cells were then seeded onto 2D culture plates (24 well) (ThermoFisher, UK), and each fibre 

was split 1:12. On the second day of culture, the cells were stained with medium supplemented 

with Calcein AM (2M) and Ethidium homodimer (4M) (ThermoFisher, UK) and live imaged 

on a Nikon Eclipse TS2 microscope coupled with a Nikon D3300 camera, as done above. The 

cells did not reach 80% confluency until 4 days after seeding, when adipogenic medium was 

added. The ORO imaging and extraction of the reseeded plates followed previously used 

methods (Velickovic et al., 2019, Velickovic et al., 2018), after 7 days of culture. 
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Figure 12. A flow chart detailing the method to opitmise the removal of the cells from the fibres. 
A The cells were placed into two concetrations of sodium citrate (100mM and 75mM) till the 
alginate was was seen to be dissolved. B The sodium citrate solution was centrifuged to form a 
cell pellet. C Once the supernatant was removed the cells were resupended in control medium, 
except for one group which had used 75mM sodium citrate, 0.5 mL trypsin was added for two 
minutes at 37ºC. The solution was spun again and the cell resupended in control medium. D All 
contitions (100mM, 75mM and 75mM + trypsin) were plated onto a 24 well plate. E After 48 hours 
the cells were imaged using Calcein AM (2mM) and Ethidium homodimer (4mM). F Once the cells 
had reached 80% confluency, they were stimulated to undergo adipogenesis. G After 7 days the 
lipids were removal and quantified (ORO analysis) through absorbance at 510nm on a plate 
reader.  

 

2.2.8 Cryosectioning  

Fibres were fixed in HEPES 4% Paraformaldehyde for 15 minutes before being surrounded 

by OCT (optimum cutting temperature) compound (ThermoFisher, UK) and frozen at -25C 

(Liyanage et al., 2017) upon a cryostat (Leica CM2018) (Leica Biosystems Lab Solutions, UK). 

The fibres were then sectioned at a 10m thickness. Sections were taken as cross-sections 

through a bundled fibre or longitudinally along a bundled fibre. The sections were placed upon 
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gelatine coated slides (Sigma-Aldrich, UK), left to dry in at room temperature for 48 hours, 

then washed in HEPES buffer (25mM) to remove the OCT compound while keeping the 

alginate fibre on the side. Hoechst 33342 (2,5'-Bi-1H-benzimidazole, 2'-(4-ethoxyphenyl)-5-

(4-methyl-1-piperazinyl)- 23491-52-3) (ThermoFisher, UK) staining was added to HEPES 

buffer (25mM) and added to the slide, covering all sections at room temperature for 30 

minutes. The slides were then covered with coverslips (Fisher Scientific, UK) using Fluoro-

shield mounting media (Abcam, UK). The slides were then imaged on the Nikon Eclipse TS2 

microscope coupled with a Nikon D3300 camera. 

 

2.2.9 Total corrected fluorescence intensity using Fiji ImageJ 

ImageJ (version:2.0.0-rc-69/1.52p) was used to measure the fluorescence intensity of all the 

live and dead staining completed. The intensity of the cells was measured in 3 images for 

each stain per each sample. The intensity was measured in both the areas of each image with 

visible signal and areas without signal (background). The corrected total cell fluorescence 

(CTCF) was calculated to remove the background signal to get an accurate measure of the 

true signal. CTCF = Measured intensity of visible signal – (Area of visible signal X mean 

fluorescence of the background) (McCloy et al., 2014, Bhavsar et al., 2019). However, several 

images had negative CTCF values due to no visible signal and high background. The negative 

numbers were removed and indicated within Figure 17.  

 

2.2.10 Statistics 

All data was assessed by MANOVA, and ANOVAs with post hoc tukey testing when there was 

a significant difference in an independent condition. Significant results shown indicated by p-

value *P<0.05, **P<0.005, ***P<0.001. Data was analysed using SPSS statistics software 

version 28.0.0.0(190).  
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Due to the loss of supervisors and COVID the number of repeats for this work is to low to have 

complete confidence in the results, The live dead analysis of the fluorescence used images, 

There was a biological repeat of n = 2, for each biological repeat 3 images were measured 

per sample. Except in the ethidium homodimer staining for the 2D plate where only one image 

could be used due to the difficulties in measuring the background staining (days 3, 7, 10). For 

each image taken three measurements were taken. For the metabolic assay there was a 

variation in the number of biological repeats with an n = 1 for all measurements taken on day 

0 and day 14 and n = 2 for days 3, 7 and 10. On all days for each condition (2D or fibre, control 

or adipogenic) there were three replicates were taken. For the assessment of ORO there was 

a biological repeat of n = 2, for each sample 3 replicates were taken. The quantification of lipid 

content between the fibre and 2D, had an n = 2 biological repeats, with three replicates per 

sample. The corrected total fluorescence live dead analysis for the removal methods, had a 

biological repeat n = 1, and three images were taken, for each image three measurements 

was used. Finally, the assessment of lipid content after removal from the fibres, had a 

biological repeat of n =1 and three replicates per condition.  

 

2.2.11 Data collection 

The time points and analysis are shown in Figure 13. The repeats for all experiments are listed 

in results as numbers varied to due to the number of fibres that could be produced. CTFI was 

always calculated for any images of live and dead. There was first the assessment of viability 

(live dead staining, metabolic activity assay) and adipogenesis (bodipy, ORO) completed upon 

cell cultured on 2D plates or fibres and in both maintenance medium and adipogenic medium. 

ORO was not completed on day 14 for in adipogenic medium or in maintenance medium on 

days 3 and 7 due to limited fibre production. Fibres were cultured in maintenance and 

adipogenic medium till day 7 for cryosectioning. The analysis of the best removal method was 
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assessed after 7 days in culture and reseeded on to tissue culture plates, 2 days later live and 

dead staining was completed with CTFI calculated. 2 days after that the cells reached 80% 

confluency and a 7-day adipogenic differentiation was started, after which the cells were 

stained with ORO.  
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Figure 13. Flow chart demonstrating the collection of data points 
A The data collection for all comparison between the 2D cell culture and the fibre, viability and adipogenesis. Data points were not all collected on the 
same fibres but were set up to collect data at the same time points to allow for comparison. The 2D plates and fibres were treated to the same tests 
each time. B Fibres fixed and then cryosectioned. C The assessment of the removal methods from the fibres and the cytotoxic effect upon MSCs, 
followed by an assessment of adipogenic differentiation ability. The 2D are shown in the yellow to red day arrows, while the fibres are green to blue. 
The paler arrows are cells kept in maintenance medium and the brighter colours are cells cultured in adipogenic medium. Figure made in Biorender. 



Alginate fibre to culture stem cells during adipogenic differentiation. 

Hypothesis 

© Sarah McGinlay 59 

2.3 Hypothesis 

This preliminary study set out to investigate the feasibility of soft-core fibres containing mouse 

MSC cells as a 3D model for the differentiation of adipocytes. As the most common method 

currently used to grow adipocytes is on a flat 2D surface of tissue culture plastic (Ahmad et 

al., 2017, France et al., 2014). While the 2D culture is suitable in many ways - cell attachment, 

viability, and differentiation ability, it is not representative of in vivo tissues, nor is the best 

representation of adipose tissue, as shown in  

Figure 14. The 2D culture methods adversely alter the cells due to the cell adhesions only 

being present on one plane, which leads to forced polarity and unnatural stretching of the 

cells. There was also reduced cell to cell interaction and limited cell interaction with ECM 

components. The tissue culture plastic was very stiff (~1 GPa) (Buxboim et al., 2010), which 

is completely different to adipocytes and white adipose tissue which have been found to be 

very elastic (0.9+0.8 - 2 kPa) (Young et al., 2013, Darling et al., 2008).  

 

This fibre had the potential to be a more reliable approach to modelling the differentiation of 

adipocytes as it allowed the MSCs to make cell-cell connections in 360 as well as interacting 

with the extracellular matrix component collagen. The fibre may have provided other benefits 

for adipocyte culture as shown in  

Figure 14, as it may have been less rigid which, may have provided a better environment to 

keep the rounding adipocytes in the culture and to reduce the cell stresses and strains which 

can prevent adipocyte differentiation (Sen et al., 2008, Tanabe et al., 2004). A three-

dimensional model for adipogenesis as closer to the true process may then allow for a more 

accurate platform to test the upcoming weight lose drugs or treatments. A platform able to do 

this would then provide a model that could be used in place of or before animal testing.  
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Figure 14. A graphical representation of the benefits to a soft-core fibre to culture adipocytes.  
The 2D culture methods commonly used to culture adipocytes, shown above were tissue culture 
plastic. This culture method was used as a control to compare adipocyte viability and differentiation 
ability against an alginate fibre with a core of collagen and cells. When cultured on the tissue 
culture plates the adipocytes were forced to endure disadvantageous conditions, which may 
prevent adipocyte differentiation and were less representative to actual adipose tissue. The 
disadvantages to 2D tissue culture include: the stiffness of the plate, forced polarity and spreading 
upon the cells and reduced cell to cell interaction. The proposed fibre study attempted to create 
an improved environment for adipocyte culture. The fibre model above presents a fibre post 
differentiation and a visualisation of the core of a fibre. The adipocytes and undifferentiated MSC 
are present in 360º cluster interwoven with collagen. Figure made in Biorender. 
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2.4 Results 

As detailed in the methods (See section 2.2.2  and page 47), the alginate fibres were created 

first without the inner core; the alginate solution and CaCl2 solution were pushed through a 

co-axial needle and then pulled from the needle with twisters to be placed upon a rotating 

roller where it was wound around to form a coil of fibre, as shown in Figure 11. Once a fibre 

was completely formed, there was no blockage and the fibres retained their shape upon the 

roller, the collagen and MSC solution was pushed though the needle. The cell solution entered 

the needle first (Figure 11), the alginate solution, and then CaCl2 surrounded both. The 

alginate is set by the CaCl2, and the collagen polymerised when heated from ice cold.  

 

A 3D hydrogel was likely to be beneficial for many of the reasons mentioned above ( 

Figure 14) but the 2D culture methods were undoubtedly easier and simpler to use. Therefore, 

it was important to assess the fibre production method for serval factors. These factors were 

the technical aspect and for the viability and differentiation ability of the MSCs. First, the 

assessment technical production methods and the fibres’ ability to be cultured. 

 

The materials used to make the fibre were a major reason for the selection of this 3D model.  

As shown in Figure 11 the outer layer was created from alginate. Alginate was known to make 

hydrogels with a softer stiffness than culture plastic (Andersen et al., 2015). The internal core 

of this 3D model was comprised of collagen I and MSCs, this was an ideal ECM protein as 

collagen I located in adipose tissue surrounding the lipid filled adipocytes (as see in Figure 8). 

During adipogenesis the collagen I network forms to provide support for the adipose tissue. 

The presence of one ECM component may allow for a more natural and representative model. 
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2.4.1 Characterisation of the fibre for the technical requirements 

For the fibres to be used as a culture method for adipogenesis the fibres must meet both 

technical/physical specifications and cellular specifications. Firstly, the fibres' ability to meet 

the technical requirements shown in Figure 15 was assessed. The technical specifications 

have been separated into those needed for production and those for culturing.  

 

Figure 15. The technical requirements the hydrogel fibre needs to meet to be a potential 3D model 
for adipogenesis.  
The requirements are split into two categories, the materials used to make the fibres, the 
production method, and the fibres ability to be cultured.  

 

Assessment of production methods 

The fibre production itself had several benefits as shown in Table 5 when running successfully 

the system was able to produce a fibre a minute. Provided the fibres remained intact, this 

extremely quick formation process allowed the production of a large number of fibres in one 

process, a benefit for larger scale experiments. In addition, as the alginate is clear and the 

collagen and MSC solution contained phenol adulterated medium, and the inner core was 

seen through the alginate. This was particularly helpful to make sure that the collagen cell 

solution was present within the fibre and allowed for quality control through the production 

time. The time taken to set up the production process including collecting the cells was around 

an hour.  

Production 

• Time taken to produce 

fibres was not extremely 

long 

• Reliably made 

• Production of >20 

samples in one process 

Culture 

• Remained stable through 

culture 

• Could be physically 

manipulated 

• Cells can be monitored 

throughout 
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Table 5. An assessment of the fibres’ characteristics, including the production and culturing. 

 

 

However, the production time itself varied depending upon how well the alginate layer formed 

and could be pulled from the needle. This was a major disadvantage to the protocol and 

required optimisation (Table 5). The gelling of the alginate occurred within the needle; it 

therefore could become hard to pull the alginate fibre from the needle tip. The pulling of the 

fibre took time and the longer this took the more likely the needle would become blocked, 

 Advantages Disadvantages 

P
ro

d
u

c
ti

o
n

 

One fibre made per minute once 

formed 

Large number of fibres can be made 

in one attempt 

Cell and collagen solution can be 

seen through fibre 

Pulling the alginate fibre from the needle 

could be difficult 

Needle got blocked from alginate and the 

collagen and MSC solution (reduced cell 

loading). Occurred at least once everytime 

fibres were made. 

Cell and collagen solution did not form a 

continuous core (reduced cell loading) 

Time taken can be unexpectedly long 

C
u

lt
u

ri
n

g
 

Can be handled with ease using 

tweezers 

Cells were easily seen and imaged 

through alginate surface 

Remained stable in medium culture 

Fibre can be damaged or broken if sucked 

up though pipette tip 

Cannot be placed into PBS, as the alginate 

will partially disintegrate  
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potentially increasing the time needed to produce the fibres. As the MSCs and collagen were 

kept on ice, the longer the production process takes the more potential damage to the cells. 

The inability to accurately predict the time of production protocol reduced the efficiency of this 

production method. Once blocked the needle was unlikely to be unblocked, though attempts 

were made by disassembling the equipment. There were instances where there was no 

unblocking the needle without risking the needle becoming unsterile and as such no fibres 

were produced.  

 

As the core of collagen and MSC was visible through the alginate, it was clear that the core 

was not always present during fibre production. While there was plenty of collagen and MSC 

within the syringe the pink colour from the medium would fade within the fibre till none was 

present. In others cases the core was interrupted temporarily, and the colour would return. As 

the alginate fibre surrounding the core continued to be expressed without interruption, it was 

the collagen and MSC solution itself that blocked the needle. Whether this was due to the 

collagen polymerising due to heat or the cells clumping and forming a block was not known. 

If the interruption was temporary then the fibres would have a reduced cell load, which 

produced fibres with a range of cell number. A range of fibres with differing cell numbers would 

make some experiments or downstream analysis more difficult. If the blockage was not able 

to be removed without risking compromising the sterility of the needle, then production of the 

fibre was stopped. The fibres were often unable to meet the reliability requirements listed in 

Figure 15 and as such require further optimisation.  

 

Assessment of fibres during culturing 

When the fibres produced were placed into culture medium and adipogenic medium, there 

was no visible swelling or disintegrating of the fibre. The fibres were easily imaged as the 
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alginate was optically clear. (Table 5). In addition, the fibres were moved from well to well 

without trouble as manipulation with tweezers could be done without damaging the fibres. 

While tweezers did not damage the fibre, no suction or aggressive pipetting could be used as 

the fibre would break. This was not detrimental to culture but should be noted for further 

experiments. More problematic for cell culturing was the fibres’ reaction to being in PBS, where 

the fibres swelled till they began to disintegrate though not completely (Table 5). Therefore, 

any protocol that required washing steps or the use of PBS needed to be altered; for example, 

the 4% PFA solution used for fixation was produced using HEPES buffer instead of PBS. The 

fibres did meet the technical specifications for culturing listed in Figure 15.  

 

The characterisation of the fibres’ ability to meet the technical requirements to be a 3D model 

for adipogenesis showed that the fibres were able to meet most of the specifications required. 

There was still optimisation to be completed to make the fibres production more reliable both 

in terms of actual fibre production and the constant presence of the inner core.   

 

2.4.2 Viability of Mesenchymal stem cells in a soft-core fibre. 

In addition, to the technical requirements for the fibres, the fibres must be non-toxic to the 

MSCs and able to support the differentiation of adipocytes and their lipid droplets. While 

alginate and collagen have not been found to be toxic to cells when used in other models 

(Bouhlel et al., 2022), the inner core of MSC and collagen need to be assessed as there was 

a risk of a necrotic core. There was the possibility of detrimental effects from the production 

method; the cells were on ice for up to several hours, the stresses and strains imposed and 

the time the MSCs were not within an incubator. The viability of MSCs was assessed post 

fibre production through bright field images (on days 3, 7, 10 and 14) and stained with calcein 

AM and ethidium homodimer to show the live and dead cells present. The images were then 
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live imaged on a Nikon Eclipse TS2 microscope coupled with a Nikon D3300 camera. Higher 

magificantion images were not possible as the confocal imaging was not avalible due to 

logistical problems. The fluorescent intensity levels of the live/dead staining was completed. 

The images from the live dead staining were taken in image J with the background intensity 

measured to calculate the corrected total fluorescence intensity (CTFI) as explained in the 

method section (section 2.2.9 ). CTFI takes a measurement of the intensity, the background 

intensity was then measured and removed. The CTFI measurements in Figure 17 were 

assessed by a MAOVA test. To define where the statistical differences were Tukey post hoc 

testing was completed. However, the measurements of the dead cell fluorescence were not 

always possible in some of the images due to an inability to detect any real signal out of the 

background signal using CTCF formula (Figure 17), therefore on certain days all the values 

for dead cell fluorescence were from one image. This could reduce the accuracy of the dead 

fluorescence intensity of the 2D plates, and it lowers the statistical power of the MANOVA. 

The assessment of the dead fluorescent intensity on the 2D plates would need further repeats 

to be certain of the result. However, the 2D plates have been used for long term culture and 

were not likely to be toxic.  

 

Metabolic activity assays have been used to assess the health of cells; it was also able to 

provide information on the number of cells within a fibre (Thermo Fisher Scientific, 2019). As 

such the metabolic activity was measured over several days along with 2D controls. The 

measurements were taken in both control (maintenance) medium and adipogenic medium. 

While Figure 18 displays the same data but focusing on the effect of culture type. The 

metabolic activity measurements have a variation in the number of independent repeats. The 

measurements for days 0 and 14 were the result of the one repeat while the measurements 

for days 3, 7 and 10 were from two repeats. Therefore, these results must be interpreted with 

care. 
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Viability assessment 

The live and dead staining in Figure 16 showed there was visibly more live (green) MSCs than 

dead (red) MSCs across all days imaged for both the 2D and fibre culture methods (Figure 16 

and Figure 17) in agreement with the bright field images. The 2D MSCs and the MSCs in 

fibres had a higher fluorescence intensity than dead as expected for a culture model widely 

used. The fibres did not seem to show any decrease in cell viability (Figure 16), there was no 

evidence that the cells within the centre of the fibre were stressed or dying. However, the 

microscope did not allow for images in the core of the fibre, therefore images from a confocal 

microscope or dissection of the fibre would be needed to better see the centre part of the 

fibres. There was no reduction in metabolic activity of MSCs within the fibres by the end of 

culture, indicating that the fibres were not toxic (Figure 18). It is, therefore, clear that the fibres 

are none-toxic and offer a possible option for the culturing of MSCs over two weeks, in 

structure that allows for co-culture with ECM proteins and the ability of MSCs to cluster.  
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Figure 16. Live and dead staining of the cells cultured in fibres (3D – lower panel) and culture 
plastic (2D – upper panel.  
Showing that the fibres are not toxic. Calcein AM and Ethidium Homodimer staining of both 
fibresand culture plastic, there is a small number of dead cells seen in both conditions. The two 
conditions are non-toxic to the MSCs. Arrows display the cells present within the fibre, on day 3 
the MSCs were visible as single cells and on day 10 and 14 the inner core of fibre was much 
denser. The star shows the space present between some cells due to the loss of MSCs. N = 2, 

three images were taken per condition. Scale bars: 500m. 
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Figure 17. Fluorescence quantification of live and dead staining.  
The corrected total fluorescence intensity for live and dead staining shown in a box and whisker 
plot. The data displayed the differences between the culture methods. The cells within the fibre 
were viable over 14 days when compared to the 2D control. In the later culture days, there is a 
significant increase in fluorescence intensity of the live and dead staining by the fibres. N = 2, with 
3 images measured per sample except upon the ethidium homodimer staining for the 2D plate 
where only one image could be used due to the difficulties in measuring the background staining 
(days indicated by *). For each image three measurements were taken. All data was assessed 
through MANOVA. * P < 0.05, ** P < 0.001. 
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Figure 18. Metabolic assay assessing the effect of culture type.  
The MSCs with the fibres in the control medium consistently had a higher metabolic rate than the MSCs on the 2D plates. The MSCs upon the 2D plates 
and the adipogenic fibres had similar metabolic activity except for day 7. The box and whisker plot display the median and interquartile ranges. The data 
was analysed by ANOVAs. The post hoc Tukey testing was completed. * p < 0.005 and ** p < 0.0001. The number of repeats varies n = 1 for all 
measurements taken on day 0 and day 14 and n = 2 for days 3, 7 and 10. There were three replicates per condition. 
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2.4.3 Proliferation in the fibres 

The CTFI values found to be higher than the 2D could indicate proliferation within the fibres, 

this was also suggested by the bright field images taken in Figure 16. The bright field images 

show that within the fibres the MSCs were more distributed throughout the fibre and single 

cells were visible (Figure 16 day 3). The MSCs were denser in the fibre on day 10 and 14 

(Figure 16), this suggested that the cells were healthy and proliferating in the control medium 

and that they had the space within the fibre to proliferate.  

 

While the fibres imaged on each day were created on the same day, some fibres showed a 

reduced MSC core due to reduced cell loading during production as mentioned in Table 5 and 

as seen in the day 7 fibre (Figure 16 bright field images). Therefore, the increase in density 

seen could be representative of inequality in cell loading. This problematic cell loading was 

also seen in the metabolic activity both the culture methods on day 0 (Figure 18). The data 

collected on day 0 was representative of the seeding density of 2D plates and the cell loading 

of the fibres as it was taken on the day production. Day 0 metabolic activity measurement was 

one repeat and may not be representative, but it does show the variation metabolic activity. It 

also highlights the differences in cell seeding for the 2D plates where the wells in the control 

medium was found to have a lower metabolic rate (Figure 18). Due to uncontrollable external 

problems further repeats were not completed though they are needed.  

 

The significant reduction in metabolic activity for the fibre on day 7 in adipogenic medium and 

all other measurements (Figure 18) and the reduced cell density seen in the bright field images 

(Figure 16) indicated that a reduced cell density. As the reduction was not due to any toxic 

effect, there was no increase in dead cell CTFI in Figure 17 The fibre culturing MSCs in the 

control medium was not toxic but the metabolic activity measure was lower than on other days 
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suggesting it was adversely affected by cell number. This difference in cell number could be 

due to the cell loading encapsulated in the fibres on day 0.  

 

There was proliferation in the 2D culture as by day 3 there was no longer any difference in 

metabolic activity between the 2D plate in either the control medium or adipogenic medium. 

This suggests proliferation in the 2D control medium as the day 0 value was lower than the 

2D adipogenic value (Figure 18). However, the MSCs on the 2D plates were less densely 

packed on day 14 with more space between the cells (Figure 16 shown by *), as some of the 

cells started to lift off from the culture plastic (observation). This was a major limitation of 2D 

plate; the MSCs lifting from the plate reduced the cells present for downstream analysis (i.e., 

RNA collection or immunostaining). 

 

The fibres in the control medium, showed a trend in that it consistently had a higher metabolic 

rate than all other culture types (Figure 18). This suggested that there was an increase in 

metabolic activity in the control medium fibre, which was likely due to an increase in the cell 

number as the MSC proliferate more in the fibre due to the space allowed in the fibre compared 

to the 2D plates. The adipogenic fibres’ metabolic rates were similar with the 2D plate 

conditions throughout (Figure 18), which may indicate limited proliferation due to most cells 

differentiating into adipocytes instead. There was an increase in CTCI levels from the 2D to 

fibres, this may imply that the fibres contain more cells than the 2D wells (Figure 17). While 

the plates and fibres were seeded with the same number of cells there is variation in the fibres, 

therefore, either the fibres have more cells due to a variation on the seeding level or a higher 

level of proliferation in the fibre than the culture on the 2D plastic plates. It is possible that the 

cells may proliferate more as the fibre could provide a larger surface area than the 2D wells. 

The fibres fluorescence intensity was higher than the 2D, which may indicate that the fibres 

had an increased number of cells.   
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It was therefore, suggested that while in the fibre (in control medium) the MSCs where able to 

proliferate into the space in the fibre. The limited space of the 2D plates has been shown to 

limit the retention of the MSCs, the fibres provide an alternative for longer term culture. This 

could provide a better culture for the culture of adipocytes over culture times of a month.  

 

2.4.4 Adipogenesis within the fibre 

Once it became clear that culturing MSCs in the fibres were not toxic to the cells and that it 

allowed for the proliferation of the MSCs in control medium, the ability of the cells to undergo 

adipogenesis was assessed. The fibres and 2D plates that had been cultured in adipogenic 

medium were stained with Bodipy, a commonly used lipid stain to show the droplets within the 

adipocytes (Gocze and Freeman, 1994). Both the fibres and the 2D cells produced adipocytes, 

marked by their lipid droplets throughout the culture (Figure 19, Figure 20, Figure 21, Figure 

22).  

 

The comparison of adipogenesis between the 2D and fibre culture methods 

Figure 19 showed that the lipids were produced by day 3 when the MSCs were cultured on 

the 2D plastic plates and the fibres (3D), suggesting that the fibre does not stimulate the 

adipocytes faster than the 2D plate. The apparent volume of adipocytes in the fibres increased 

over time, much like in the 2D (Figure 20) therefore the fibres maintained the adipocytes 

created and continued to support adipogenesis throughout the 14 culture days. Further work 

will be needed to show whether there is an increase in the amount of lipids or adipocytes 

compared to current 2D plate cultures.  
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The lipid droplets on the 2D plates seemed to be spread across the entire well, which was due 

to the single plane that the cells were forced to attached to (Figure 19). The lipid droplets 

within the fibre were clustered closer together and often on top of one another (Figure 20). 

This was likely due to the narrow inner core of the fibres and the ability of the adipocytes to 

grow in multiple planes and directions. The ability of the fibres to produce this clustered 

formation of adipocytes was a benefit to the fibre as a model for adipose tissue, as it was more 

reminiscent to adipose tissue. The clustering of the adipocytes in the fibre and their location 

within the fibre, was difficult to see. As the Bodipy stain lipid droplets in several planes the 

fluorescence formed a green blur in images, shown in Figure 19 and Figure 20. As the images 

were only be taken in one plane, the surface level it was impossible to image the measure the 

diameters of the lipid droplet or to see the spread of adipocytes completely. Sectioning was 

attempted (below) to counteract this problem. 

 

The reduced cell loading noted in Table 5 produced areas with limited cell numbers, these 

produced spheroids of MSCs as seen in Figure 21. This was most likely from sections of fibres 

isolated from the main soft-core mixture perhaps due to a temporary blockage in the needle 

used to make the fibres (as stated in Table 5). The MSCs were able to produce adipocytes in 

a small number of cells in the sphere. The adipocytes present were located towards the 

surface of the cluster and there was no green blurring to suggest any within the centre of the 

fibre. There was also a reduction in the amount of lipids seen in the cluster when compared 

to the fibre day 7 images in Figure 19 and Figure 20. The reduction in cell numbers prevented 

adipogenesis to the same degree. Therefore, the variability of the cell seeding on day 0 from 

interruptions in the inner core proved to be a major problem for the ability of the fibre to be a 

model for adipogenesis or adipose tissue.  
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Figure 19. The fibres produced lipid filled adipocytes and with an increasing number of adipocytes 
and lipids over the days cultured.  
Representative images comparing the adipogenic differentiation between the 2D plates and the 
fibres. The adipogenic differentiation was assessed through images stained with the lipid stain 
Bodipy here shown in green. The control images were stained with bodipy after they were cultured 
in the control medium, there was no non-specific staining or autofluorescence from the alginate 
layer of the fibre, image taken on day 7. The lipid containing adipocytes began on day 3 for both 
culture methods and there was an increase in lipid containing adipocytes across the culture days. 
*Demonstrate areas of lipid droplets that cannot be fully imaged due to the 3D clustering, this 
meant the images cannot be used to measure the size of the droplets. N = 3, with three replicate 

images taken per condition. Scale bars 500m. 
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Figure 20. Enlarged images of the increasing number of adipocytes and lipids over the days 
cultured.  
Representative images of the lipid droplets with the adipocytes stained with the lipid stain Bodipy 
here shown in green. The lipid containing adipocytes began on day 3 and there was an increase 
in lipid containing adipocytes across the culture days. *Demonstrate areas of lipid droplets that 
cannot be fully imaged due to the 3D clustering, this meant the images cannot be used to measure 

the size of the droplets. N = 3, with three replicate images taken per condition. Scale bars 500m.  
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Figure 21. Adipogenesis in the fibres when the inner core containing MSCs was interrupted.  
The production of clusters of MSCs and collagen were found in some of the fibres, when the inner 
core had been interrupted during the production of the fibre. Images taken from day 7 and the 

scale bars shows 500m. The fibres were outlined in white and the lipid droplet locations were 
indicated by white stars. When compared to the day 7 images in Figure 19 and Figure 20 the 
reduction in in density of MSCs and a reduction of on adipogenesis demonstrated by a lower  lipid 
content. Table 5 detailed the interruption of the inner core during processing but the reduction in 
adipogenesis as indicated by the lipid content show how detrimental this problem in fibre 
production was.  

 

Adipogenesis quantified by lipid content 

When assessing the visible amount of lipids within adipocytes the commonly used method 

was O Red Oil (ORO). ORO stains lipids within the adipocytes and background staining in the 

samples was removed through several washes within isopropanol. Once the background 

staining was removed the samples were washed again in isopropanol till no staining remains. 

The isopropanol (100%) was then used to remove all ORO staining and this isopropanol 

sample was assessed for the level of absorbance for the 510nm wavelength, as ORO was 

red. The more lipids present the higher the presence of absorbance (A.U).  
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The ORO stained the lipid droplets within the fibre (Figure 22A). However, when it came to 

wash out the background staining, the fibres swelled dramatically when added to the 60% 

isopropanol washes. The ORO stain then became difficult to remove. As such attempts were 

made to move the fibre from the isopropanol into medium then back to the isopropanol, to 

prevent the fibre from swelling. This protocol did lower the swelling of the fibres, but it did not 

completely remove the stain as shown in the control fibre (Figure 22B). While removing the 

fibre was hypothesised to remove this problem, the inner MSCs and collagen core would not 

be easily moved from well to well for the washing steps and the final ORO removal. Figure 

22A showed the ORO stain when completed on the 2D plate with no stain visible in the control 

and the lipid droplets in the differentiated MSCs are visible. The trapped ORO stain may be 

due to the density of the MSCs within the fibre as well as the swelling of the fibre.  

 

The 2D MSCs in adipogenic medium produced a significant increase in lipid content when 

compared to the 2D control (in control medium). This demonstrates an adipogenic 

differentiation. However, the lipid content was significantly reduced in the adipogenic fibre 

when compared to the 2D in adipogenic medium (Figure 22B). This was despite the presence 

of ORO lipid droplets in the fibre and the non-specific trapped ORO in the control fibres (Figure 

22A). This decrease in the lipid content measured was also at odds with the increase lipid 

content seen in Figure 19 and Figure 20. There was no significant difference between the 

fibres in control medium and the fibres in adipogenic medium (Figure 22B). Due to the 

problems in production of the fibres (Table 5) there were not enough fibres to have fibres in 

the control medium on days 3 and 7, which would have been ideal. The reduction of expected 

ORO staining could be due to the ORO not being removed by isopropanol for the absorption 

analysis, due to the swelling or the extra washes needed to remove the background staining 

in the control fibre. Therefore, ORO was not accurate.  
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A 

B 

Figure 22. ORO assessment of lipid content was not a viable measure for use on the fibres.  
A Representative images of ORO staining on both 2D plates and the fibre in control medium and 
adipogenic medium, taken on day 10. There was ORO staining retained in the control medium 

fibre, highlighted by the arrows. The scale bars were 500m B The lipid content absorbance (a.u) 
taken across several days. When analysed with a ANOVA there was a significant difference across 
the days of culture. The post hoc Tukey tests show specific differences, * p < 0.05 and ** p < 0.001. 
The fibre lipid content decreased through the days despite the clear increase in lipids across the 
culture days in Figure 19 and Figure 20. The lipid content within the fibre can not be assessed 
through the ORO protocol. N = 2, with three replicate taken per condition. 
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2.4.5 Cryosectioning to assess the lipid content within the fibres 

The fibres were shown to produce viable MSCs (Figure 16, Figure 17), that were able to 

proliferate (Figure 18 and Figure 18) and differentiate into adipocytes (Figure 19 and Figure 

20) dependent upon the medium conditions. However, the images taken of the fibres were on 

one plane and as the adipocytes, shown by the lipid droplets, were densely clustered (Figure 

19 and Figure 20) it was impossible to measure the size of lipid droplets. Therefore, the fibres 

needed to be sectioned to allow for the imaging of the inner core of the fibre. In addition, 

sectioning the fibres allows for the further experimentation including immunostaining which 

cannot be completed on the fibre due to the large volumes of solutions required to cover the 

fibres.  

 

Cryosectioning was selected for the sectioning method as the dehydration steps in paraffin 

sectioning removes the lipid content no longer allowing ORO staining (Liyanage et al., 2017). 

Cryosectioning was also faster process than paraffin sectioning as the fixation, freezing and 

sectioning can be completed in the same day. While paraffin sectioning does produce strong 

more robust blocks to section, the fibres were stable as they were frozen within an inert optimal 

cutting temperature compound that provided support.  

 

The fibres were oriented, so they were sectioned across the fibre bundle where the fibres were 

horizontal and then the fibres were sectioned longitudinally, with the sections taken along the 

fibre (Figure 23A). The cross-section provided a small view through the fibres and would in 

theory allow for a view of the adipocytes through the depth of the fibre. The longitudinal 

sectioning allowed for a view of a length of a fibre through one depth, this would allow analysis 

of the distribution of the adipocytes in a greater area. In Figure 23 the cryosectioning showed 

a green material surrounding the cell laden core when stained with Hoechst (shown in blue) 
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that was assumed to be the alginate layer of the fibres as it maintained a close contact to the 

MSCs. The autofluorescence of the alginate was beneficial as it demonstrated all the 

components of the fibre. However, the alginate’s autofluorescence could prove detrimental for 

further imaging.  

 

When stained with bodipy to identify the lipid droplets and therefore the adipocytes the lipid 

droplets were not found close to either MSCs or alginate (Figure 23B). No lipids were found 

within the fibres (Figure 23B). It was clear that while the cryosectioning had kept the lipid 

droplets they were unable to remain place within the section. This would prevent the bodipy 

and ORO from assessing the lipid content but other methods including adipocyte staining 

including H&E and confocal imaging of whole fibres could be used to assess the adipocytes.  
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A 

 

B 

Figure 23. MSCs were stained within the sectioned fibres, but lipid drop-lets could not be.  
A A Graphical presentation illustrating the two directions of sectioning. The bundle of fibres was shown in orange and the direction of sectioning was 
shown in grey. The cross-sectional fibres showed the depth of the fibre, while the longitudinal showed along a fibre. B The sections were stained with 

Hoechst and bodipy. The fibres imaged were from day 7 and the scale bars were 500m. The Hoechst staining was successful in staining the MSCs 
but also showed autofluorescence of the alginate layer. The bodipy staining showed that the lipid droplets were not kept in place with the fibres but 

moved across the section, * showed the lipid droplet location in bodipy and in brightfield images. N = 4. Scale bar 500m.  
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2.4.6 Optimisation of the alginate removal method 

The alginate surface layer kept the inner core protected and easy to handle but it would need 

to be removed for any downstream processing, for example DNA quantification or RNA 

extraction. In addition, there was a concern that for experiments over a long period of time it 

may be necessary to passage the cells within the fibre as the proliferation of the MSC would 

fill the space in the fibre (Figure 18). As such the removal method needed to be as non-toxic 

to the MSCs as possible to allow for the MSCs to be seeded into the fibres again. For the 

MSCs to be removed from the fibre, the alginate comprising the outer wall of the fibre had to 

be removed.  

 

Optimisation of removal protocols 

The alginate outer layer is comprised of crosslinks formed when the negative ions on the 

carboxylates and hydroxyls on the alginate -D-Mannunronic Acid (M) and -L-Guluronic Acid 

(G) residues that form ionic bonds with Ca2+ found in CaCl2 solutions (Hung and Smidsrod, 

1970). These bonds can be removed using a chelating agent, for example sodium citrate 

(Smidsrød and Skja˚k-Br˦k, 1990). PBS was the first solution used to remove the outer layer 

of the fibre; however, PBS was only able to partially remove the alginate wall (Table 6).  

 

Therefore, 150mM sodium citrate was used to remove the alginate fibre wall (Figure 24 and 

Table 6). The effect of 150mM sodium citrate upon the MSCs was unknown and it was prudent 

to assess if a lower concentration of sodium citrate would still be able to remove the alginate 

fibre walls. Figure 24 showed that both concentrations of sodium citrate (150mM and 75mM) 

were able to remove the outer layer of the fibre; the higher concentration was faster (Table 6). 

Once the alginate wall was removed, the cells maintained the fibre shape. Attempts to 

dissociate the soft-core were two-fold: manual pipetting and trypsinisation to remove cell-cell 
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connections. Trypsin was used to remove the cell-cell connections during passaging on 2D 

flasks (Fong et al., 2017), as such there was an expectation that this would not damage the 

MSCs. There were groups of cells clumped together in both the manual pipetting and 

trypsinisation, therefore the clumps were likely to be due to the collagen I in the soft-core. As 

repeats will be needed, in addition to the current removal protocols used here it could be worth 

assessing the ability of a collagenase to remove the clumps of cells, as seen in a human 

pluripotent stem cells fibre model (Ikeda et al., 2017). 

 

Figure 24. Optimisation of sodium citrate concentrations for alginate removal.  
Representative images of the removal of the alginate outer layer around the MSCs and collagen 
core. While in medium the core was completely surrounded by an outer layer of alginate, 
highlighted by *. When in the sodium citrate the alginate, layer is dissolved. In the 150mM 
concentration of sodium citrate showed alginate disintegration after 5 minutes and the alginate 
was completely disintegrated by 10 minutes as seen in Table 6. The lower concentration of 75mM 
sodium citrate only had complete disintegration by 15 minutes. Fibres were cultured for 7 days 

previously. Scale bars 500m and n = 1.  
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Table 6. The Optimisation of the removal methods for the alginate layer.  
Representative images of the alginate removal can be found in Figure 24. The sodium citrate solution at a concentration of 150mM was the most efficient 
method to remove the alginate layer of the fibre 

 

Removal 

method 

Time 

(minutes) 
Observations 

PBS (1X) >20 • The partial disintegration of the alginate formed a viscous solution 
• Partial removal of the alginate 

150mM sodium 

citrate 

10 • Within 5 minutes there was sections of the alginate layer 

completely removed 

• After ten the entire alginate layer was removed 

• The solution kept a similar consistency and was easily pipetted 

• The collagen and cell core produced 

remained in the fibre shape (Figure 24) 

• The cell collagen core was broken by 

pipetting, but it stayed in clumps 

75mM sodium 

citrate + manual 

pipetting 

15  • There was no evidence of alginate removal at 5 minutes 

• After 15 minutes there was a complete removal of the alginate 

layer 

• The solution kept a similar consistency and was easily pipetted 

• The collagen and cell core produced 

remained in the fibre shape  

• The cell collagen core was broken by 

pipetting, but it stayed in clumps 

75mM sodium 

citrate + trypsin 

25  • There was no evidence of alginate removal at 5 minutes 

• After 15 minutes there was a complete removal of the alginate 

layer 

•  The solution kept a similar consistency and was easily pipetted 

• The collagen and cell core produced 

remained in the fibre shape (Figure 24) 

• The addition of trypsin made the clumps of 

the collagen cell core smaller after pipetting 
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Viability of the MSCs after having been removed from the fibre 

The MSCs removed from the fibres (cultured in control medium) and were reseeded onto 2D 

plates to assess their health. 24 hours later when changing the medium there were clumps of 

cells that had not managed to attach to the 2D plate and were removed with the medium 

change. After 48 hours of culture on the 2D plates the MSCs were imaged with live and dead 

staining (calcein AM and ethidium homodimer). The 48 hours of culture time before live/dead 

staining allowed for the MSCs to increase in number and get a more complete view of the 

MSCs viability particularly as there was a lack of some MSCs to remain attached to the plate. 

The attachment problem may have been due to the presence of the remaining collagen, 

making the clusters too big to remain on the plate surface or damage to the MSCs from the 

sodium citrate. The live dead staining was only completed once due to problems producing 

fibres, and uncontrollable external factors. The results should therefore be taking an indication 

of the possible optimum removal protocol.  

 

It was also important to check whether the MSCs were adversely affected for example, were 

the cells still pluripotent MSCs and still able to differentiate. Once the cells removed from the 

fibres had reached 80% confluency on 2D culture plates adipogenic medium was added to 

test whether culturing in the fibres had altered the MSCs ability to differentiate into adipocytes. 

Further work would have differentiated into chondrocytes and osteocytes to assess if the cells 

were still multipotent. It was expected that the fibres would maintain their multipotency as 

fibres of this type had kept induced pluripotent stem cells pluripotent when previously 

assessed (Ikeda et al., 2017). However, the removal methods may have had adverse effects.  
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A 

B 

Figure 25. Optimisation of MSC removal from fibre.  
A The live and dead staining (calcein AM and ethidium homodimer) after 48 hours seeded to 2D 
plates, showed the effect of the three removal methods had upon the MSCs’ viability. The addition 

of trypsin was dentoed by “T”. Scale bars = 500m. When compared to the Figure 16 2D plate 
previously imaged there was an increase in toxicity with all the methods. There were more live 
cells present when the lower concentration of sodium citrate was used with no addition of trypsin.. 
B The corrected total fluorescence intensity (a.u.) of all the protocols used. There was no statistical 
difference when MANOVA was used. N = 1, there were three images taken per condition and  
three measurements.  
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A 

B 

Figure 26. The use of 75mM sodium citrate and manual pipetting was the current optimised cell 
retrieval method for maintaining adipogenic differentiation.  
A The ORO staining on the control medium and adipogenic medium. The control medium showed 
stressed MSCs when removed from the fibre with 150mM of sodium citrate. All removal methods 
did allow for the production of lipids. B The ORO quantification with an assessment of the lipid 
content for each removal method. The only true evidence of the presence of adipocytes was in the 
75mM sodium citrate with manual pipetting as it was the only one with a difference between the 
control and adipogenic medium. MANOVA and post hoc Tukey testing showed shown with * p < 

0.05. N = 1, with three replicates per condition. Scale bars = 200m. 
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The MSCs removed from the fibre with 150mM sodium citrate had the lowest number of cells 

attached to the 2D plate (Figure 25) and though it was not significantly different than the other 

removal protocols, it had the lowest CTFI for the live cells (Figure 25). After removal from the 

outer layer of the fibre with 75mM sodium citrate, the manual pipetting and trypsin seemed to 

have similar levels of dead cell fluorescence intensity and only a slight reduction in live CTFI 

for when trypsin was used (all non-significant) (Figure 25). The reduction in live cell CTFI may 

be the result of the extra stress trypsinisation could have on the cells. All the different methods 

to remove the alginate layer were able to differentiate into lipid filled adipocytes during the 7-

day culture in adipogenic medium (Figure 26A). However, the MSCs removed from the fibre 

with 150mM sodium citrate also showed a reduced ability to differentiate with the lowest level 

of lipid content (Figure 26B). This does reinforce the conclusion that the cells need to be 

removed from the fibre with a lower concentration of sodium citrate. 

 

The MSCs that were removed from the fibre with 75mM of sodium citrate, and trypsin showed 

signs of stress even after being cultured for 11 days (Figure 26A). The cells appeared to be 

more condensed and darker than those removed from the fibre with 75mM sodium citrate, and 

the cells seen in Figure 16 that had only ever been cultured on 2D plates in control medium. 

Taken all together the best current method to remove cells from the fibres is 75mM sodium 

citrate with manual pipette mixing. The 75mM sodium citrate and manual pipette mixing 

removal method was the only group to produce enough lipids to have a statistically significant 

increase of lipids between the control medium and the adipogenic medium which was the true 

assessment that there was differentiation into adipocytes. This also reinforces the suggestion 

that the best method, currently tested, of removing the MSCs from the fibres is to use 75mM 

sodium citrate with manual pipette mixing. 
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The fibres used in this work did not alter the ability of MSCs to differentiate into adipocytes. 

The fibres culture/retrieval steps did not ablate the capacity for differentiation and the fibre 

therefore remains a possible 3D model for adipogenesis. The removal method of 75mM 

sodium citrate with manual pipetting was the optimum removal method currently tested. 

Neither the fibre nor this removal method prevented the ability if MSCs to differentiate into 

adipocytes suggesting that both maintained the adipogenic capacity of the MSCs 

encapsulated. This was only completed with one repeat and may not be a true representation. 

 

2.4.7 Conclusions 

To summarise, while pilot study completed here was not comprehensive and in depth but does 

highlight that there were several important parts of the fibre production method that need 

optimisation. The blocking of the needle by alginate can prevent fibre production and the 

interruption of the inner core (collagen and MSCs) results in differing cell loads in fibres which 

make analysis more complex and prevents adipogenesis. The alginate layer of the fibre made 

the removal of lipid stains impossible as well as any interaction with PBS, both add 

complications to experiments. In addition, the removal of the alginate layer needs further 

optimisation to make sure there was no detrimental effect of sodium citrate. While the technical 

difficulties involved with this fibre were many, the fibre has been found to be non-toxic. The 

fibre maintained MSCs ability to differentiate and proliferate after a 14 culture in the fibre and 

reseeding upon 2D plates. 
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2.5 Discussion  

2.5.1 Production of alginate fibre 

Once produced the fibres formed a robust culture system that can be easily manipulated and 

cultured over 14 days. This was in line with previous systems that have been able to culture 

a range of cell types (cardiomyocytes (Wang et al., 2019a), HUVEC, cortical cells, mouse 

embryonic osteoblast precursor cells (Onoe et al., 2013) and induced pluripotent stem cells 

(Ikeda et al., 2017)).  

 

The largest problems for this cell culture system tested here are the blockages of both the 

alginate, and of the collagen MSC core resulting in reduced production and cell loading 

respectively. The reduced cell loading posed a major problem, as any metabolic activity was 

subject to the cell loading variability during production and resulted in the aggregates 

(spheroids) formation. To account for this, any further collected data (i.e., metabolic assay or 

PCR) gained would have to be normalised to the DNA content in each individual fibre used, 

which would be time consuming and expensive. As such there needs to be an optimisation of 

the fibre production method.  

 

A microfluidic device using laminar flow found that the alginate solution clogs their system, 

which lead to time consuming ‘dissemble and repeat setup’ cycles (Ghorbanian et al., 2014). 

Ghorbanian et al used the addition of a Ca2+ chelator to flush their system when blocked. 

However, their system was more complex and reminiscent of 3D printing, as the needle 

producing the hydrogel was mounted upon a motorized stage, which is automatically moved 

(Ghorbanian et al., 2014). For the work here, the simplest solution would be to alter the rates 

at which the alginate and CaCl2 are pushed through the needle during the fibres creation. 

Currently the rates of both the alginate and CaCl2 were set to the same rate (0.04mL/min). In 
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other alginate CaCl2 fibres the CaCl2 solution was faster than the alginate layer (Hu et al., 

2010b, Hsiao et al., 2016) and these systems were not reported to have blockages during the 

formation of alginate fibres. This difference in flow rates then may allow the alginate to be 

pulled away from the needle due to the force of the CaCl2 solution surrounding it. It is possible 

that this would prevent blocking of the system, however alteration to the flow rates can alter 

the dimensions of the fibres (Wei et al., 2017, Hu et al., 2010b, Lee et al., 2009b).  

 

In addition, when the inner core (collagen and MSCs in this work) was faster, there was 

instability in the flow and curls formed from the core solution formed (Shin et al., 2007), As 

others have found that these instabilities can then cause blockages (Ghorbanian et al., 2014), 

it could be that the blockages were the result of unstable flow due to the lack of difference in 

flow rates between the collagen/MSC solution and the alginate.  

 

For the blockages caused due to the collagen and MSC solution, optimal concentration of 

collagen and MSCs for both production and the cell culture should be assessed. However, 

changes in concentration may not have such an effect upon the core blocking, as others using 

similar systems with higher concentrations of cells (e.g. Adipose derived stomal cells 1 × 107 

cells/mL) and ECM (e.g. 33.3 mg/mL of fibrinogen) components have not reported core 

blockages (Hsiao et al., 2016, Onoe et al., 2010). It may also be that the collagen has begun 

to polymerise as the production continues and the core solution raises in temperature. The 

use of ice bags around the core solution to prevent this could be a simple change to prevent 

the core blocking. A magnetic spinner (as used when making solutions) could be used to 

continuously mix the cell and collagen solutions to prevent the cells from clumping.   
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2.5.2 Viability of MSCs within the fibre 

This work has shown that this particular soft-core fibre was able to maintain viable cells for 14 

days with no visible increase in cell death, while using live/dead staining and a metabolic 

activity assay, to measure the viability cells in 3D models (Kim et al., 2019). However, the 

images taken for the live/dead staining did not image directly into the centre of the soft-core 

and as such the viability of the central cells could not be determined. Conclusive evidence that 

there was no cell death would require imaging live/dead staining by confocal microscopy or 

imaging after the fibre has been dissected to show the centre of the fibre.  

 

The corrected total fluorescence used here was an attempt to provide a quantification for the 

live and dead cells within the fibre as seen in section 2.2.9 p54 (McCloy et al., 2014, Bhavsar 

et al., 2019). This method does come with some problems. When attempting to configure the 

2D dead cells there were several days when the background reading was found to be higher 

than the dead staining, due to the low number of dead cells and weak fluorescent signal 

(Figure 17, day 3). In addition, the CTFI measured within the fibre could be artificially high as 

all the cells were condensed into a narrow fibre where the cells must cluster together. There 

could have been a greater intensity of signal in a condensed area due to the clustering of the 

adipocytes in the fibre, whereas the 2D wells only have fluorescence from one plane showing 

a more accurate CTFI measurement.  

 

Collagen I hydrogels (not fibres) have been seen to be a good and viable method to culture 

visceral preadipocytes to mature adipocytes (Emont et al., 2015). Collagen scaffolds were 

also able to support MSC differentiation into adipocytes and osteoblasts for 50 days (Neuss 

et al., 2008).  
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The ability of the fibres to maintain viable cells is in line with other similar systems, where cells 

have been kept viable for up to a total of 91 days (Hsiao et al., 2015b, Campiglio et al., 2019, 

Hsiao et al., 2016). This is reinforced by the viability of soft-shell micro-capsules that maintain 

viability through 7 days of culture and keep the cells viable after being removed from the micro-

capsules (Louis et al., 2019). Further work would include an extension of the time cultured, 

increasing for a month or indefinitely to see how long the cells could be cultured for and if 

there were any detrimental effects.  

 

2.5.3 Proliferation of MSCs within the fibre 

The images taken of the fibres over the 14 days suggest there was proliferation in the fibres 

cultured in the control medium. The CTFI and metabolic activity seemed to show similar 

trends, although values can be altered by fluorescence of the cells below (CTFI) and the cell 

loading respectively. Alginate itself is not known to promote proliferation on its own (Pati et al., 

2014). However, collagen I (within the soft-core) has been shown to increase proliferation. 

Similar fibre systems also showed proliferation (Mazari-Arrighi et al., 2022). Not all used 

collagen as their internal core ECM component (Hsiao et al., 2016), suggesting that the fibre 

systems could be the reason for proliferation. The increase in proliferation was not due to 

increased space within the fibre (volume 0.08cm3) as there were a greater area within the 2D 

well (3.5cm3 surface area). The proliferation must be due to the increased cell-cell connections 

or increased collagen: cell interactions made within the fibre.  

 

Hsiao et al found that after extended culture the fibres’ curled/twisted upon themselves (Hsiao 

et al., 2016). While it was not shown to be detrimental to the cells, it does suggest that the 

cells within the internal core space of the fibres had proliferated so that the internal core was 
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longer than the alginate surrounding it, resulting in curling of the fibre. The proliferation of the 

cells within the fibre may result in passaging further culture. 

 

Collagen I has also been seen to in increase the proliferation of MSCs (Zheng et al., 2022, 

Yang et al., 2019). Yang et al demonstrated that on collagen coated surfaces, the increase in 

proliferation could be due to nuclear translocation of β-catenin (Yang et al., 2019). While other 

pathways – such as the ERK (extracellular signal-regulated kinases) and phosphoinositide 3-

kinases (PI3)/ protein kinase B (ATK),have been suggested to be responsible for proliferation 

(Tsai et al., 2010). The direct causes of proliferation in the present system are unknown. To 

highlight the causes of increased proliferation that may be present here, western blotting for 

the β-catenin, ATK and ERK signalling pathways should be done. Culturing the fibres with 

inhibitors for these pathways would allow for the assessment if the removal of a pathway 

significantly reduced the proliferation within the collagen. 

 

2.5.4 Adipogenesis in fibres  

The soft-core fibres were shown to be capable of supporting stem cells adipogenesis 

throughout the culture days, much like the cells in 2D. This is in line with previous reports 

describing the culture of adipocytes in similar fibres (Unser et al., 2016a, Hsiao et al., 2015a). 

A similar soft-core fibre using 3T3-L1 cells found adipocytes growing in the fibre and lipid 

droplets were seen on the surface of the fibre and were even observed to fuse together 

(Yokomizo et al., 2019). This is in line with this study, where droplets were seen on the surface 

of the fibres and assumed to be in the centre. From the work presented here and that from 

others studies which used Bodipy to identify lipid droplets, there is currently no evidence to 

show that Bodipy wouldn’t reach the centre of the fibres (Yokomizo et al., 2019), therefore 

confocal imaging should show the lipid droplets throughout the fibre. 
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As mentioned above the collagen I in the soft-core does provide a better environment and is 

beneficial to the extracellular matrix of adipocytes. The collagen may be beneficial for 

adipocyte culture as it more accurately reflects the extracellular matrix in vivo and is required 

for adipocytes (Yasuaki et al., 2000, Nakajima et al., 1998). Indeed collagen I has been shown 

in increase the expression of the adipogenesis genes PPARG and CEBPB during osteogenic 

differentiation (Hiew and Teoh, 2022), though this could be due to the presence of 

Dexamethasone (Dex) in the medium (Ghali et al., 2015). Previously culture with adipogenic 

medium containing Dex has been seen to produce both adipocytes and osteoblasts (De Melo 

et al., 2019).  

 

However, collagen I may not be the best core for adipogenesis, despite successful 

adipogenesis being present in other 3D models that used collagen I (Volz et al., 2019, 

Venugopal et al., 2017). In 2D systems collagen I has been found to reduce the expression of 

adipogenic genes (i.e., PPARy and CEBPB) and for the adipocytes to have a reduced lipid 

content (Liu et al., 2020a, Gao et al., 2022). Collagen I has been associated with the increase 

in osteogenic genes (i.e., RUNX2) (Komatsu et al., 2018, Fernandes et al., 2010).  

 

The images did show the presence of large droplets (though not measured) within the fibre, 

which could be consistent with the literature as the adipogenesis observed in other fibres and 

in 3D models showed increases in droplet sizes throughout the culture (Yokomizo et al., 2019) 

and larger than 2D cultures (Klingelhutz et al., 2018, Daquinag et al., 2012).  

 

The method used here to assess the number of adipocytes present mainly relied upon 

imaging, but this is not quantifiable and as such cannot determine if the adipogenesis in the 
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3D model is more than the 2D. The ORO assay attempted could not be used to quantify the 

lipid content, and unspecific ORO appears to also be found in work by Unser et al. (2016b) 

perhaps due to a high level of cells present in the fibre or the swelling of the fibre capturing 

the ORO stain. Sectioning may provide the ability to stain lipids with ORO (quantification not 

seen) as demonstrated by (Hsiao et al., 2016). Possible routes to quantify the amount of lipids 

present might be to measure the Bodipy fluorescence signal. The quantification of 

fluorescence could be completed through the confocal imaging of the fibre, after which image 

J analysis (e.g., 3D object counter) could be used to estimate the areas of each droplet (Mau 

et al., 2022, Biltz and Meyer, 2017). Further work will be needed to quantify if there this an 

increase in adipocytes within the fibre compared to the 2D culture and what type of adipocytes 

are present (section 2.6.2 ). 

 

2.5.5 Swelling of the fibres 

Oil Red O (a fat soluble, hydrophobic diazo dye) is the standard quantifiable measurement for 

adipogenesis as the level of lipids (triglycerides) can be measured via absorbance. The fibres 

were however susceptible to non-specific staining which remained trapped in the fibre despite 

the use of 60% isopropanol washes. it was during these wash steps that the fibres swelled, 

and not in any other solution including water. Swelling of hydrogels in water-based solutions 

or water is not unusual for alginate systems, it is even a desired characteristic for hydrogel 

systems used for wound healing (Soleimanpour et al., 2022). Alginate concentration increases 

the swelling of the hydrogels (Wichai et al., 2019). The concentration of CaCl2 used to gel the 

alginate and variation in alginate monomers resulted in changes to the swelling ability 

(Mirabedini, 2018, Okay and Durmaz, 2002). Swelling was not reported by other research 

groups using alginate fibre systems, whether due to ORO not being attempted or no swelling 

occurred (Hsiao et al., 2016, Ikeda et al., 2017). Work upon alginate beads has demonstrated 

that swelling was due to the cation exchange, loosening the alginate-crosslinker (i.e., Ca2+) 
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bond, allowing for the uptake of Na+ buffer solution and causing swelling (Bajpai and Sharma, 

2004). It could be that the sweeling here was due to electrostatic interactions with the 

isopropanol or water in the 60% isopropanol solution.  

 

2.5.6 Removal of MSCs from fibres 

As the proliferation increases, the fibre may begin to twist upon itself thereby removing any 

predetermined shape, which could lead to  a lack of space. It could therefore be needed to 

passage the fibres without damaging the MSCs cultured. While only the MSCs within the fibres 

cultured in control medium were used to assess the removal methods, further work should be 

done to make sure that adipocytes are not negatively affected by any removal process. More 

repeats are also required to be certain of the conclusions drawn. The removal method requires 

further optimisation.  

 

The sodium citrate was able to remove the alginate layer of the fibre in a dose dependent 

manner, with 150mM being the most efficient. The use of trypsin to remove cell-cell 

connections was not beneficial and other methods to dissociate the collagen MSC core are 

required (i.e., collagenase), for instance by trialling collagen lyase.  

 

The live dead staining showed a reduction in viability with the use of sodium citrate. However, 

likely due to the remaining clumps of collagen I or due to sodium citrate, limited numbers of 

cells could be seeded onto the 2D tissue culture. The live dead staining was conducted upon 

the cells after 48 hours, to mitigate the low number of recovered cells at 24 hours. In repeats, 

if optimisation of the removal method to remove the collagen, was completed improved 

seeding would allow for live dead staining after 24 hours to see the immediate effect upon cell 

viability. Sodium citrate has been used to remove encapsulated cells and there has been no 



Alginate fibre to culture stem cells during adipogenic differentiation. 

Discussion 

© Sarah McGinlay 99 

suggestion that the sodium citrate had any cytotoxic effect (Gillette et al., 2010). After which 

human adipose derived stem cells underwent live dead and proliferation assays. (Wu et al., 

2016) used a weak concertation (55mM) of sodium citrate in medium over several days without 

any effect upon the human corneal epithelial cells; there was even increased proliferation due 

to the reduction in hydrogel stiffness. It is therefore clear that if the detrimental effect of sodium 

citrate is confirmed (repeats needed), then reducing its concentration may prevent further 

problems. If the reduction in sodium citrate concentration was found to be detrimental at any 

concentration, to the MSCs, then alginate lyase could be used to remove the alginate layer as 

seen in the work performed by Ikeda et al (Ikeda et al., 2017). 

 

The fibre culture process showed no negative effects upon the ability of cells to differentiate 

into adipocytes once removed from the fibre (using the lowest concentration of sodium citrate) 

though this requires repeats to confidently conclude this. Similar maintenance of cell 

characteristics has been reported for human induced pluripotent stem cells, which also 

remained pluripotent after several passages consisting of removing the cells from the alginate 

fibre and then reseeding into a separate fibre (Ikeda et al., 2017). Another report showed 

MSCs that had been cryo-frozen in the fibres and reseeded on to culture plates. These were 

still able to differentiate into adipogenic, osteogenic and chondrogenic cells (Tian et al., 2019). 

Thereby, showing that even under highly stressful conditions (such as freezing or removal 

from the fibres) the fibres were able to maintain the differentiation ability of the cells. To be 

completely confident that there was no change in the differentiation ability of the MSCs grown 

in the soft-core fibres here, cells removed from the fibres should undergo further osteogenic 

and chondrogenic differentiation, as the MSCs have the ability to differentiate into all.  
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2.6 Future work  

2.6.1 Optimisation production method  

The immediate future work will build directly on to the findings of the study outlined above, 

starting from the optimisation of the fibre production, with a core aim of a reduction in the 

alginate layer of the fibre to reducing blockages. However, care must be taken to prevent the 

fibre becoming too large and having cells become necrotic due to a lack of diffused nutrients 

and oxygen (Valamehr et al., 2008, Van Winkle et al., 2012). In addition, there will need to be 

an observation of the thickness of the alginate layer and the inner core size as the rate of 

CaCl2, is optimised to prevent alginate blockages. As previous work on hollow tubes have 

shown the rate of flow can alter the thickness of both the outer layer and inner core (Wang et 

al., 2019b). Changes in diameter due to alterations in the flow rate can alter the size of 

adipogenic lipid droplets, (Yokomizo et al., 2019) and as such should be observed, furthering 

the need to optimise the flow rates used. Work by Shin et al found that the blockages in their 

system were relieved when the flow was allowed to run vertically not horizontally (Shin et al., 

2007). While this would be a vast change to the system used here, it would be another option 

for further assessment.  

 

Further optimisation should include the alterations of the ECM component used to make the 

core of the fibre. Possible components for the core of the fibre include laminin or collagen IV 

(Nakajima et al., 2002b, Liu et al., 2017a, Chen et al., 2016). Hsiao et al used an internal core 

of collagen I and fibronectin, but due to the reduction of fibronectin during adipogenesis so the 

use of fibronectin would not be ideal (Hsiao et al., 2016). Onoe et al also used multiple ECM 

components in the core of an alginate fibre, though not for cells undergoing adipogenesis 

(Onoe et al., 2013). Multiple ECM components within the core are worth attempting as it would 

provide the most similar environment to adipose tissue (Yasuaki et al., 2000). Whichever ECM 
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components are selected will affect the differentiation and even the type of adipocytes (brown, 

beige or white) (Gonzalez Porras et al., 2021) as the ECM changes during adipogenesis see 

Figure 8. Therefore, the fibre could be altered for a range of experiments by only altering the 

inner core components.  

 

2.6.2 Analysis of adipocytes within fibre 

The next aim will be to assess the location of the adipocytes within the fibre, (on the surface 

or throughout) as well as being able to assess the size of the lipid droplets for comparison with 

adipose tissue and 2D culture. Analysis of the lipid droplets would allow for characterisation 

of the droplets into unilocular or multilocular. To achieve this, either confocal imaging through 

the fibre (as mentioned) or by immunostaining for perilipin (Tansey et al., 2004) on the cryo-

sections of the fibres could be used. The cryosectioning here indicated that lipid droplets were 

not found to remain in place, this may be due to the thickness of the sections (10m) (Kwan 

et al., 2017) which may disrupt the lipid droplets. Larger sections of 30m – 50m and changes 

to the fixation as per (Nicu et al., 2018, Mehta et al., 2019) may alleviate this problem.  

 

In addition to further imaging, quantification of adipogenesis will need to be performed. The 

swelling of the fibres makes it difficult to quantify the lipid droplets and instead the presence 

of adipogenic genes should be assessed. Any qPCR assessment of the adipogenic genes will 

standardise the RNA content which allows for the comparison between the fibres and 2D even 

if the problems in cell loading were not corrected in the optimisation of the fibre production. 

PPARγ, adiponectin (a hormone secreted by adipose tissue and regulates metabolic 

progresses, CEBP and fatty acid binding protein 4 (FABP4, carrier of fatty acids) could be 

used to assess the amount of adipogenesis (Velickovic et al., 2019, Velickovic et al., 2018). 
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RNA-seq could also be completed for a more complete view of the adipocytes being cultured 

(Zhang et al., 2022a) 

 

The identification of the type of adipocytes will need to be completed; imaging can be used 

(confocal or sections) to measure the size and number of the lipid droplets, while beige or 

brown adipocytes will be multilocular (Velickovic et al., 2018). Analysis of the genes expressed 

by the differing types of adipocytes will allow for the identification of the lineage. White 

adipocytes can be marked by transcription factor 21, leptin and Homeobox protein (HOXC8) 

(Waldén et al., 2012, Pilkington et al., 2021). Neutral amino acid transporter (Asc-1) has also 

been suggested to be a marker of white adipocytes (Ussar et al., 2014, Pilkington et al., 2021). 

As the HOXC8 has also been seen in beige adipocytes (Waldén et al., 2012), to confirm the 

adipocytes are white there would need to be reduced beige marker genes. These beige 

marker genes include: CD137, TMEM26, CITED1 and P2RX5 (Velickovic et al., 2019, Garcia 

et al., 2016). To identify brown adipocyte, the markers include UCP1, CIDEA, or Cox8b 

(Velickovic et al., 2018). 

 

2.6.3 Rheology  

As mentioned in the introduction (section 2.1.6 ) several cell behaviours (i.e., migration, 

differentiation, and adherence) are dependent upon the stiffness of the culture material. The 

stiffness of the fibre could affect the MSC cultured within and as such should be analysed. 

Adipocytes differentiate better in less stiff conditions (Young et al., 2013, Liu et al., 2020b), 

reviewed by (Su et al., 2022) and as such the fibres may provide a good environment for 

differentiation into adipocytes. 
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The Young’s modulus of a recently used collagen scaffold was found to be close to the in vivo 

mouse adipose tissue (~ 1kPa) (Louis et al., 2019). The Young’s modulus of an alginate fibre 

with a collagen core was assessed by atomic force microscopy, with a result if was 6.3±0.4 Pa 

(Onoe et al., 2013). It is therefore likely that the similar fibres in this work will have a similar 

Young’s modulus. If the fibre was seen to be a stiffer material than adipose tissue, alterations 

would need to be made to reduce the stiffness. Alterations can be made through changes to 

the alginate composition (Hung and Smidsrod, 1970) and the concentration of both alginate 

(Kuo and Ma, 2001) andCaCl2 (Freeman and Kelly, 2017). 

 

2.6.4 Expansion of the fibre’s applications 

After optimisation of the fibre is completed, work will need to be done to compare the collagen 

adipocyte core with adipose tissue, through genes expression, and proteomic analysis 

(Dohmen et al., 2022). If there are sufficient similarities between the fibre adipocytes and the 

adipose tissue, then this would be a system that can be used to model adipose tissue in 3D 

with a controllable ECM component.  

 

For the fibre to be used to model human adipose tissue, there will be a need to make 

alterations to the cells within the fibre. While the MSCs used here are a robust cell type for 

adipogenesis, they are from mice and as such may not truly representative of human adipose 

tissue. Attempts should therefore be made to differentiate human cells into adipocytes. There 

has been several methods for the differentiation of induced human pluripotent stem cells; 

including for white (Mohsen-Kanson et al., 2014, Ahfeldt et al., 2012), beige (Singh et al., 

2020, Guénantin et al., 2017) and brown (Mohsen-Kanson et al., 2014, Ahfeldt et al., 2012). 

If successful, the fibre would then be optimised through alterations to the ECM in the core to 
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be representative of stiffness. This would provide a human 3D and ECM containing 

adipogenesis models of all the adipocyte types  

 

Adipocyte models have been created to introduce more representative obesity models through 

the introduction of lipids to the culture medium. The resulting raise in droplet size, increased 

cytokine secretion, reduced insulin responsiveness and dysfunctional lipolysis are suggested 

to be marks of adipocyte dysfunction (Ioannidou et al., 2022, Pieters et al., 2022). If adipocytes 

within the fibre are also seen to show adipocyte dysfunction, this may then form another model 

for further experimentation. 

 

2.6.5 Co-culture within the fibre 

Adipocytes in adipose tissue are not alone, they interact with other cell types including 

vascular endothelial cells (Sabaratnam and Svenningsen, 2021), and immune cells 

(Blaszczak et al., 2021). As such, adding them to an adipocyte model would further the 

complexity of the model and potentially make it more representative of the adipose tissue. 

During obesity there is an increase in inflammation (Lawler et al., 2016), accompanied by the 

presence of macrophages and cytokines (Lawler et al., 2016, Di Gregorio et al., 2005). Recent 

work by Monk et al and Matacchione et al have demonstrated the use of Transwell co-culture 

methods for macrophages and adipocytes, which are therefore 2D culture methods (Monk et 

al., 2020, Matacchione et al., 2022). As previous research has shown that macrophages can 

“bite” adipocytes (Sárvári et al., 2015), it may be that the optimial placement for any 

macrophage co-culture would be within the alginate layer, this would allow for the exchange 

of cytokines without physical interaction.  
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Previous work has cultured cells within the core and in the alginate layer (Onoe et al., 2010) 

and it demonstrates the ability of the fibre to have diverse usages. In addition, there has been 

Janus fibres where two core solutions are surrounded by alginate (Shao et al., 2019), this 

would allow for enough further flexibility in the design of co-culture experimentation. Co-culture 

requires different medium components that can be detrimental to one or both cell types; it is 

another beneficial aspect of the fibre as a culture method if the adipocytes were to be cultured 

in the fibre first before being removed (in an optimised method) and then reseeded into the 

fibre with the selected secondary cell type.   

 

2.6.6 The fibre as a high content screening model 

Currently there is an increasing need for anti-obesity drugs as in many parts of the world. 

There are increasing populations of obese people, who will experience the linked health 

problems that it brings (see section 2.1.1 ). The creation of high throughput screening models 

and high content screening models to allow for research into adipogenesis, is of high 

importance. To date, there multiple models that have been used as high throughput screening 

for the identification of possible drugs (drug discovery) see review, (Tsui, 2022). While these 

high throughput/content screening methods have identified many possible drugs, (i.e. Beta-3 

-adrenoreceptor agnoists) (Qiu et al., 2018), there has been limited creation of 3D high 

throughput screening methods for the testing of the drugs themselves (Tsui, 2022, Louis et 

al., 2022).  

 

High throughput/content screening requires reliable and numerous samples. Recent work had 

demonstrated a possible adipocyte model using alginate and collagen droplets upon 96 well 

plates (Louis et al., 2022). Due to the ability of the fibre to be physically manipulated the fibre 

here could be used to form a high content screening model for the many drugs that are under 
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investigation (reviews (Wen et al., 2022, Mukherjee et al., 2016)). The length of a fibre (if 

optimised to have a consistent cell loading) could be cut into small enough sections for a 48 

or 96 well plate and would allow for high content screening for anti-obesity drugs. Anti-obesity 

drugs can target many different aims, such as, increased activation of BAT to increase 

thermogenesis and energy expenditure (Cypess et al., 2015) or to increase the number of 

beige cells in white adipocytes (browning) (Zhao et al., 2021). As the fibre may be able to 

culture a range of adipocyte types, model obesity or in co-culture, there will be a large range 

of potential samples for anti-obesity drug screening from using this fibre.  

 

High content screening has the benefit of relying upon imaging to collect large quantities of 

data, including confocal imaging (Antoniou et al., 2022). This would allow assays to be further 

automated allowing large quantities of data to be analysed (Roper and Coyle, 2022). The data 

collection would include luciferase-based viability assays (Roper and Coyle, 2022), 

quantification of the lipids present (3D model may require sectioning) (Yuan et al., 2019), 

immunostaining and quantification for selected markers (Lau et al., 2019), and glucose and 

fatty acids uptake measurements (through fluorescent analogues) (Louis et al., 2022). 

Additional testing may include oxygen consumption rates (OCR), RNA-sequencing data 

(Singh et al., 2020), and proteomic analysis (Antoniou et al., 2022). An experiment of this 

nature would provide a model for drug screening in a completely tuneable 3D culture method. 

This would be particularly true, if the fibre is able to culture a range of human adipocytes (white 

or brown), to co-culture with other important cell types and able to represent obesity more 

accurately (due to an increased lipid content). This could be a step towards to a quick and 

efficient method to find anti-obesity drugs without the use of animal models.   

 



Alginate fibre to culture stem cells during adipogenic differentiation. 

Conclusion 

© Sarah McGinlay 107 

2.7 Conclusion  

To conclude the soft-core fibre system used in this pilot study contains several of the 

characteristics required for a good 3D model, in line with other soft-core fibres, fibres and 3D 

scaffolds used to culture a range of adipogenic cells. The fibre was able to keep cells viable 

for at least two weeks, possibly longer, while maintaining the ability of the cultured cells to 

undergo adipogenesis. The fibre is relatively simple to make with simple equipment in 

laboratory conditions. This fibre could therefore potentially provide a reliable and accurate 

model to characterise the factors regulating adipose tissue formation. This fibre culture system 

is a good candidate to produce a range of novel and diverse 3D models of adipogenesis for 

drug testing through high content screening. 
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CHAPTER 3. PEPTIDE AMPHIPHILE SCAFFOLDS AND HUMAN 

INDUCED PLURIPOTENT STEM CELLS 
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3.1 Introduction 

Stem cells in the embryo and the adult require a specific environment to thrive, known as the 

stem cell niche. The ECM is a component of the stem cell niche along with secreted factors, 

physical conditions, metabolic regulation, and other cell types (Gattazzo et al., 2014, Li and 

Xie, 2005). The stem cell niche can interact with the stem cells to maintain pluripotency or to 

stimulate differentiation (Jha et al., 2011). These stem cell niches are variable depended upon 

their location and type (Spradling et al., 2008).  

 

The ECM provides structural support and controls the physical conditions (shear stress, 

oxygen level) need to stimulate stem cell renewal (Rozario and DeSimone, 2010, Humphrey 

et al., 2014). The composition of adipose tissue in relation to collagen was discussed in 

Chapter 2. As seen there and in the introduction (1.2 and page 5), the fibrous protein collagen 

and the adhesive proteins (laminin and fibronectins), proteoglycans (PGs) and 

glycosaminoglycans (GAGs) (i.e. chondroitin sulphate (CS), hyaluronic acid (HA), and 

heparan sulphate (HS)) are the major components of the ECM see Figure 3 (Hynes and Naba, 

2012).  

 

Natural polymers have often been used to create culture environments for cell culture, as seen 

in the previous chapter. Another common substrate for culturing cells is Matrigel©, produced 

by Corning USA (Corning, 2022). Matrigel is a mixture of proteins and glycans from 

Englebreth-Holm-Swarm tumours grown in mice (Kleinman and Martin, 2005) and has been 

used to maintain mouse and human embryonic (Xu et al., 2001) and induced pluripotent stem 

cells (Lam and Longaker, 2012). Work in 2010 detailed the main components in Matrigel as 

laminin, collagen IV, nidogen and multiple growth factors (fibroblast growth factor, insulin like 

growth factor TGF ) (Hughes et al., 2010, Kleinman et al., 1982). However, both Matrigel and 
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other natural hydrogel gels are found to display batch-to-batch variation (Hughes et al., 2010) 

and their physical characteristics for example variable elastic modulus (Soofi et al., 2009), 

making Matrigel difficult to manipulate in the lab, particularly when aiming to work at large 

scale or in an automated setting.  

 

Synthetic hydrogels are often used for cell culture instead as they are typically bioinert (prior 

to functionalisation) allowing for a fully controlled environment (Breedveld et al., 2004, Caliari 

and Burdick, 2016). Modification of the synthetic material provides an ability to dictate the 

physical characteristics of the hydrogel (Xu et al., 2010a), such as the physical stiffness of the 

hydrogel (Giuseppe et al., 2018), porosity (Annabi et al., 2010), or presence of cell adhesive 

motifs (i.e. RGDS) (Ishida et al., 2020). One such group of synthetic hydrogels are self-

assembling peptides, peptide amphiphiles (PAs), pioneered by the group of Prof. Samuel 

Stupp (Hartgerink et al., 2001). 

 

3.1.1 Peptide amphiphiles  

Peptide Amphiphiles (PAs) are classified as short peptide sequences linked to a hydrophobic 

tail that can self-assemble to form scaffolds that resemble the fibrous components of ECMs 

(Webber et al., 2010b, Yu et al., 1996). While this is a broad category, the focus of PAs here 

will be those with three major structural elements that can affect the self-assembly of the PAs: 

a hydrophobic alkyl tail, a series of residues capable of forming a beta-sheet secondary 

structure and charged hydrophilic residues (Mata et al., 2010, Stendahl et al., 2006, Hartgerink 

et al., 2001), as seen in Figure 27.  
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The self-assembly of PAs 

These PA’s self-assemble through three main intermolecular interactions: the hydrophobic 

interactions of the alkyl tails, the hydrogen bonding involved in beta-sheet formation and 

electrostatic repulsion of charged amino acids (Cui et al., 2010). When in polar solutions the 

hydrophobic tail is unable to form hydrogen bonds, which reduces the solution’s entropy. To 

correct this decrease in entropy, the hydrophobic tails aggregate together to reduce the 

surface area exposed to the polar solution (hydrophilic collapse) (Velichko et al., 2008).  

 

The PAs aggregate together into cylindrical nanofibres due to the hydrogen bonds forming 

beta-sheets parallel to the long axis of the nanofibre. The beta-sheet forming residues can be 

altered to change the structure, as weak hydrogen bonding produces micelles and stronger 

can produce nanofibres. When the residues that result in hydrogen bonding, are hydrophobic 

then hydrophilic (VVEE) the structures formed are nanofibres (Cui et al., 2010, Jiang et al., 

2007). When these resides alternate (VEVE) the structures formed are flatter and described 

as a nanobelt (Cui et al., 2010, Cui et al., 2009).  

 

Electrostatic repulsion is present due to the charged residues that make up the hydrophilic 

head of the PA required for dissolving in solutions (see Figure 27). The charges expressed 

are the same and as such the PAs repel other. The charges must be screened to allow for the 

hydrophobic and hydrogen bonding to occur (Stendahl et al., 2006). The screening of charges 

triggers self-assembly, this is achieved through the addition of inorganic salts or a variation in 

the pH of the solution (Stendahl et al., 2006).  
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Co-assembly with ECM components 

These PA nanofibres produce a porous hydrogel with similar structure to the natural ECM 

expressed by cells (Hartgerink et al., 2002). PAs can self-assemble when mixed with polymers 

of opposite charge and suitable proteins have often been selected due to their presence in 

the ECM (Capito et al., 2008). The GAG HA, with an overall net negative charge, has also 

been used to form a range of hydrogel shapes from open sacs to continuous strings, with the 

structure dependent upon HA density and the method of mixing (Capito et al., 2008). This 

highlights another benefit of PA hydrogels as the physical characteristics can be altered 

depending on the application (Capito et al., 2008, Derkus et al., 2020). HA and PA hydrogels 

have been used to create a model of skin tissue ECM (Ferreira et al., 2013a). Other ECM 

components included heparin (Ferreira et al., 2013a), collagen, fibronectin and keratin 

(Hedegaard et al., 2018) and recombinant elastin-like-proteins (Inostroza-Brito et al., 2015). 

However, this method of gelation, adding single ECM components to PAs to drive gelation, 

leads to simplistic models of the ECM. Recently, multiple components were combined to better 

mimic the complexity of the natural matrix, creating a model of human pancreatic cancer in a 

PA hydrogel formed using a range of ECM proteins (Osuna de la Peña et al., 2021) and shown 

in Figure 4Error! Reference source not found..  

 

Bioactive epitopes on PAs 

In addition to using co-assembly between ECM components and PAs to create tissue-relevant 

ECM models, more direct methods have also been applied. Bioactive epitopes have been 

incorporated into the PAs adjacent to the charged hydrophilic head. As discussed earlier, short 

peptide sequences, inspired by cell-binding motifs found in many ECM proteins, can retain 

their cell-binding properties when displayed on or in biomaterials. Functionalisation of PAs in 

this way therefore mimics the actions of these ECM proteins (see Figure 4). The most common 

epitope presented on PA hydrogels was the RGDS motif (Hedegaard et al., 2020, Mata et al., 
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2009). As mentioned the RGDS motif is found on the adhesion protien fibronectin (Hynes, 

2002), this motif is one that enables the attachement of fibronectin to cells through the 

intergrins on the cell surface (Hynes, 2002). When the RDGS motif is present in PA hydrogels 

(80% of the PAs had RDGS present and 20% were unmodified PAs) encapsulating human 

mesenchymal stem cells, cell adhesion was supported (Mata et al., 2009). One of the more 

complicated models, for ovaian cancer modelling, used PAs modified with RDGS, as well as 

a PA modified with GHK, for cell proliferation (Hedegaard et al., 2020).  

 

Additional bioactive epitopes have been used to direct the differentiation of cells encapsulated 

in the hydrogel (Silva et al., 2004, Derkus et al., 2020) or to stimulate a specific receptor 

(D'Andrea et al., 2005), as shown in Figure 4. For example, the presence of the IKVAV motif 

(derived from laminin) presented on the PA, directed neural progenitor stem cells into neurons 

and not astrocytes (Silva et al., 2004). These PA hydrogels can be designed to mimic specific 

ECM functions and can be used individually or in combination to recreate multiple ECM 

components. Research by Derkus et al created a hydrogel system to represent the ECM of 

the bone (Derkus et al., 2020). Within these hydrogels, adipose derived stem cells and 

umbilical vascular endothelial cells were co-cultured and directed to oestrogenic and 

angiogenic lineages with three different bioactive epitopes present (attachment - RDGS, 

osteogenic – DGEA, adipogenic - K3SVVYGLR) (Derkus et al., 2020). This approach was a 

bottom-up design, where the manufacture of the PA itself, with additional ECM protein motifs 

provided the physical characteristics and bioactive interactions to control cells towards a 

desired outcome.  

 

The ability of PAs to model the ECM through co-assembly provides a hydrogel containing 

ECM components, another method has been used to incorporate the functions of ECM 

components. Bioactive epitopes have been added to the PAs after the charged hydrophilic 
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head, thereby mimicking the actions of selected ECM proteins (see Figure 4). The epitopes 

are residues from proteins that have interactions with cells or other proteins. The hydrophilic 

head remains on the outer surface of the nanofibres, therefore the bioactive epitopes attached 

to them were expressed on the surface of the nanofibre, allowing interacts with any cells 

encapsulated with it in the PA hydrogels (Guler et al., 2005, Storrie et al., 2007).  
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Figure 27. Graphical representation of the nano organisation of PAs to form hydrogels.  
The PA nanofibres form a porous ECM resembling hydrogels. The structure of the PA controls the 
formation of the nanofibre and therefore the hydrogel. The PAs are comprised of three major 
sections, a hydrophobic tail (yellow), beta-sheet forming (blue) and hydrophilic head (red). The 
fibres form though a range of noncovalent interactions. The beta sheet forms along the length of 
the fibre creating the cylindrical shape of the fibre. The hydrophobic interactions trigger the alkyl 
chain to be located internally away from any solution surrounding the PAs while the hydrophilic 
head of the fibre is external to the solution. The electrostatic repulsion that occurs between these 
charges’ hydrophilic heads of the PA. The charges are identical and as such repel each other, this 
interaction must be removed before the fibres can be formed. This is known as screening the 
charges and can be completed through the addition of salts. Created with BioRender.com. 
(Stendahl et al., 2006, Cui et al., 2010, Cui et al., 2009). Figure made in Biorender. 
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Figure 28. The methods to produce the 3D hydrogels in use. 
A The co-assembly of the PA hydrogels is dependent upon the electrostatic integrations of the 
charged head of the PAs and the opposite charges present upon the ECM component (Ferreira et 
al., 2013b, Ahmad et al., 2022). B The PA hydrogels with bioactive epitopes expressed on the 
surface of the nanofibres provide an epitope of residues. The residues then bind to proteins on the 
surface of the cells being cultured. The RGDS epitope here is known to interact with integrins 
expressed on the surface of cells, thereby providing attachment.(Derkus et al., 2020, Hedegaard 
et al., 2020, Silva et al., 2004). C The hydrogels capable to sequester secreted native matrix 
proteins (SNMCs), have done so by expressing a SNMC binding motif much like the bioactive 
motif. The residues are known to bind to selected SNMC, and thereby sequester the SNMP in the 
hydrogel. (Shah et al., 2010, Tomaszewski et al., 2021). D A possible method by which, a physical 
characteristic could be used to sequester SNMPs in the hydrogel. The possible positive charge 
expressed by PAs (on the hydrophilic head) may be able to form an electrostatic attraction with 
any SNMCs (proteoglycans and glycosaminoglycans) with an opposite charge (negative). Figure 
made in Biorender.   
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3.1.2 Native expression of ECM and sequestration 

The interactions between the stem cells and the ECM are reciprocal; stem cells can remodel 

and alter the ECM components (Fuchs et al., 2004, Bissell et al., 1982). The reciprocal power 

that cells have to alter their environment and that the environment has to alter the behaviour 

of cells was termed “dynamic reciprocity” by Bissell (Bissell et al., 1982). The ECM provides 

an environment that allows for cell viability, the cells can then alter the ECM surrounding them, 

producing biochemical or physical alterations to the matrix. The cells then respond to these 

alterations through mechosensing and their behaviour can, in turn, change (Zhou et al., 2022) 

(section 1.2 ).  

 

The degradation of ECM has often been exploited in hydrogel design taking full advantage of 

the relatively good understanding we have of the specificity of matrix-degrading enzymes. 

Often, gels are engineered to display MMP-cleavable linkers that, following degradation by 

MMPs released by encapsulated cells, alter cell stiffness, provide increased pore size to 

promote migration or release immobilised factors (Lutolf et al., 2003, Rosales and Anseth, 

2016). However, de novo matrix synthesis can also be used of to engineer scaffolds. This is 

shown in human bone marrow derived stem cells encapsulated within hydrogels that can 

remodel their surroundings in the hydrogel by secreting their own native ECM components 

(Ferreira et al., 2018, Blache et al., 2018). This including recently where Loebel et al have 

labelled the native ECM proteins expressed in hydrogels (Loebel et al., 2019, Loebel et al., 

2022). The secreted native matrix components (SNMC) released into hydrogels from cells can 

be identified as early as 4 hours after encapsulation (Loebel et al., 2019). The MSCs were 

seen to interact with the SNMC but still interacted with the hydrogel (Ferreira et al., 2018). As 

the MSCs produce SNMC over time there is a likelihood that the SNMC will overwrite the 

original characteristics of the hydrogel (Loebel et al., 2019). When exogenous material is 
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added to a hydrogel it is a controlled variable, but the SNMC will be less controlled and could 

result in unwanted cellular behaviour for the experiment.  

 

Sequestering secreted native matrix components 

The current attempts to use approaches to trap matrix components to direct cells into a specific 

outcome include the capture and enrichment of SNMCs (see Figure 4 and Figure 28C). 

Recently there have been several examples of sequestering SNMC through SNMC binding 

peptides (epitopes) attached to hydrogels (Ding et al., 2022, Abune et al., 2022). Last year 

Tomaszewski et al produced a range of hydrogels that expressed combinations of a heparin 

binding peptide, two distinct heparan sulphate binding peptides and a less-well defined 

basement membrane binding peptide. These hydrogels were then used to culture ovarian 

follicles, and two were found to promote follicle maturation. All the hydrogels were found to 

sequester and retain laminin, collagen I, perlecan (a heparan sulphate proteoglycan) and 

fibronectin (these are examples of SNMCs) (Tomaszewski et al., 2021). In another approach, 

a PA hydrogel was constructed to display a heparin-binding sequence (LRKKLGKA) that was 

found to sequester heparin (Rajangam et al., 2006, Webber et al., 2010a). In another slightly 

different example, a PA was engineered to bind to a TGF binding domain (not a SNMC but 

sequestered by the ECM) with the aim of promoting chondrogenic regeneration (Shah et al., 

2010).  

 

Another method to capture desired SNMC could be through manipulation of the physical 

characteristics of the hydrogel. There are characteristics that can alter the rate and diffusion 

ability of SNMC, such as the crosslinking ability and degradability (Bryant and Anseth, 2003, 

Bryant and Anseth, 2002), alterations to the hydrogel could then allow the sequestration of 

SNMCs closer to the cells. Several of the SNMCs are charged and may be sequestrated if 
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they can form interactions with the hydrogel. GAGs are highly negatively charged and as such 

there may be sequestered through ionic bonding with a charged hydrogel, for example a PA 

hydrogel which, as mentioned above can be gelated via electrostatic interactions with 

oppositely charged ECM components. In this way, we could consider applying hydrogels as a 

stem cell niche, using physical characteristics of the hydrogel to trap secreted matrix 

components and thereby influence stem cell behaviour (Figure 28D). For the sequestration to 

be directed or targeted we need to understand the cells that will be encapsulated and the ECM 

they will secrete under specific circumstances.  

 

3.1.3 ECM proteins expressed by hiPSCs 

The major components of the ECM expressed during maintained culture of pluripotent hiPSCs 

(detailed in section 1.1.1 ) are similar to those expressed by the inner cell mass of an embryo 

as they share many characteristics (Baldwin et al., 2008). While the inner cell mass is still 

pluripotent it produces several ECM proteins, the first of which is laminin 111 during the during 

the two cell stage (Sasaki et al., 1988). Heparan sulphate has been located on the cell surface 

as early as day 2-4 after fertilisation (Dziadek et al., 1985). Also found was type IV collagen 

(Leivo et al., 1980) and fibronectin during the blastocyst stage (Wartiovaara et al., 1979). 

Therefore, all of the ECM proteins are likely but not definitely expressed by hiPSCs. 

 

As one of the ECM proteins expressed by hiPSCs are laminins. Laminins are formed from 

differing protein chains ,  and  (Aumailley et al., 2005, Hohenester, 2019). There are 16 

different laminin trimers found in vivo, located in a range of tissues formed from one chain of 

each type but with a range of differing isoforms for each chain (Aumailley et al., 2005) The 

nomenclature for laminins is a set of three numbers denoting the isoform of each chain in the 

order of ,  and . Two laminin isoforms (511 and 521) of are found within the inner cell mass 
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and an 1 isoform (111) is found in Reichert’s membrane, the supporting extraembryonic layer 

of trophoblasts (Cooper and MacQueen, 1983). Laminins 521 and 511 are expressed in 

pluripotent ESCs in vitro. Mouse and human ESCs have been shown to express 1, 5, 1, 

2 and 1 laminin chains, in vitro (Rodin et al., 2010, Laperle et al., 2015). Specifically, the 

511 and 521 laminin isoforms maintain pluripotency though binding to the 61 integrin on 

the surface of these pluripotent stem cells. Signalling via 61 induces the phosphoinositide 

3-kinases (PI3)/ protein kinase B (AKT) signalling pathway maintaining the levels of pluripotent 

genes (Nanog, Oct4 and Sox2) (Villa-Diaz et al., 2016, Rodin et al., 2014). Laminin 511 and 

laminin 521 are therefore expressed by hiPSCs and required for self-renewal, but the 

endogenous expression of the other ECM components is not definitively established. The 

ability of laminin to keep stem cells pluripotent has led to laminin 521 and 511 being used to 

support in vitro culture of hiPSCs, hESCs and mESCs (Rodin et al., 2014, Lu et al., 2014). 

 

3.1.4 Hyaluronic Acid  

HA is a GAG with the repeating disaccharide of glucuronic acid and acetyl-glucosamine, 

hyaluronan synthases build HA by joining disaccharides (Casale and Crane, 2022). HA differs 

from the other GAGs as it is not synthesised attached to a core protein and is not sulphated 

(Heldin and Pertoft, 1993, Laurent and Fraser, 1992). HA is synthesised at the cell membrane 

in contrast to other GAGs which are synthesised in the Golgi (Park et al., 2008). HA is typically 

found in the ECM surrounding cells (Laurent and Fraser, 1992) but has also been located 

intracellularly and in the nucleus (Hascall et al., 2004). HA polysaccharides have been found 

to accumulate in tissues undergoing remodelling (i.e., during embryonic development) (Toole, 

2004), which agrees well with HA’s role in wound healing (Lisignoli et al., 2006), differentiation 

(Roughley et al., 2011) and cell migration (Toole and Gross, 1971). HA has additionally been 

suggested to have a role in the maintenance of mouse adipose derived stomal cells, 
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specifically in the proliferation (Chen et al., 2007a). With regards to differentiation, HA has 

been linked to several different pathways during embryogenesis (Vabres, 2010).  

 

Extracellularly HA participates in various interactions with ECM components including with the 

PG versican (Park et al., 2008). At the cell surface, HA interacts with and is retained by 

receptors such as cluster determinate 44 (CD44), and the receptor for hyaluronan-mediated 

mobility (RHAMM). CD44 is a transmembrane PG that is ubiquitous and an important cell 

surface receptor (Aruffo et al., 1990). CD44 has been found to have roles in several 

intracellular pathways including: Rho signalling activate in tumour cell invasion (Bourguignon, 

2012), extracellular signal-regulated kinases (ERK) via the epidermal growth factor receptor 

(EGF receptor) to promote proliferation (Hatano et al., 2011) and PI3K/Akt in cell migration 

(Singleton and Bourguignon, 2002). RHAMM is a second ubiquitous protein present on the 

cell membrane, cytoplasm, and nucleus (Assmann et al., 1999, Hall et al., 1994).  

 

3.1.5 Biosynthesis of GAGs 

CS is the most abundant GAGs in the human body. It is comprised of alternating acetyl-

galactosamine and glucuronic acid and the similar GAG. DS is comprised of acetyl-

galactosamine and iduronic acid (Karamanos et al., 2018, Chen et al., 2021) and both CS and 

DS are tempo-spatially substituted with sulphate. HS is a GAG comprised of acetyl-

glucosamine, glucuronic acid and iduronic acid, followed by sulfation. KS is a GAG comprised 

of galactose and acetyl-glucosamine. The differing GAGs use different linkers between the 

PG and GAGs. 

 

KS has two differing types (KSI and KSII) and can be identified by the differing linkers to PG. 

KSI is linked by an asparagine residue on the PG to an acetyl-galactosamine and KSII is linked 
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by a serine or threonine residue on the PG link to acetyl-galactosamine (see Figure 29). KS 

is then elongated as galactose and acetyl-glucosamine are added to the growing polymer. 

After the elongation, acetylglucosaminyl 6-O-sulfotransferases and galactosyl 6-O-

sulfotransferases then catalyse the sulfation of KS on the C4, C6 glucosamine and C1, C3 

galactose (Merry et al., 2022).   

 

The linker for CS/DS and HS is comprised of a xylose linked by xylosyltransferase to a serine 

on the PG and two galactose molecules. Following the linker, the addition of acetyl-

galactosamine, initiates CS assembly, the addition of acetylglucosamine, initiates HS. CS is 

then elongated through the alternative addition of galactosamine and glucuronic acid by 

glucuronyltransferase I. The epimerization of glucuronic acid then occurs to produce iduronic 

acid, thereby, producing the GAG DS (Merry et al., 2022). The substitution of sulfate groups 

is completed by sulfotransferases, 2-O-sulfotransferase for iduronic acid sulfation and 4-O-

sulfotranferase and 6-O-sulfotranferase for N-acetylgalactosamine sulfation) (Karamanos et 

al., 2018, Chen et al., 2021).  

 

For HS, several members of the exostosin glycosyltransferase (EXT) family can then elongate 

the chain by the addition of glucosamine and glucuronic acid residues. HS N-deactylases and 

sulfotranferases 1-4 (NDSTS) act to replace acetyl groups on N-acetylglucosamine residues 

to generate N-sulfated glucosamine, see Figure 29, (Karamanos et al., 2018, Chen et al., 

2021). HS can also undergo another modification, where a differing epimerase, than those 

involved with DS synthesis, acts upon the glucuronic acids, producing iduronic acid. 2-O-

sulfotransferase then completes iduronic acid sulfation, followed by 2-O-sulfotransferase and 

6-O-sulfotransferase to complete sulfation on glucosamine residues. The sulfation and 

epimerization thereby increase the variation in the structure of GAGs and the tight control of 

the tempo-spatial control of GAGs (Merry et al., 2022).   
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Figure 29. The building blocks of GAGs 
Glycosaminoglycans (GAGs) are located upon proteoglycans (PG), except for Hyaluronic acid 
(HA). The protoeglycans are found on the surface of cells as well as within the ECM. GAGs are 
polysaccahrides comprised of diisaccharides of hexosamines and hecuronic acids. The linker to 
the PG for each GAG and their disaccrides [in brackets] are shown above. The NS deonotes the 
sulation of the N-acetylglucosamine residues to generate N-sulfated glucosamine (Karamanos et 
al., 2018, Chen et al., 2021, Lin, 2014.). 

 

3.1.6 GAGs in stem cells  

HA, CS/DS, KS, and HS have been found in mESCs as well as their differentiated progeny 

(Nairn et al., 2007, Baldwin et al., 2008). Specifically, there was an increased amount of these 

GAGs and their sulfation increased when differentiated, to generate embryonic bodies (Nairn 

et al., 2007). Another study suggested that there were higher levels of low sulphated HS in 

ESCs and the HS in differentiated progeny were more highly sulphated (Johnson et al., 2007, 

Hirano et al., 2012). HS analyses in undifferentiated ESCs have shown that N-sulfation can 
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be as low as 30% (Hirano et al., 2012, Johnson et al., 2007). When hiPSCs, hESCs and 

various other human cell were analysed there were differences in the presenting GAGs 

between stem cells and differentiated cells (Fujitani et al., 2013). The GAGs that were 

increased in the stem cells were non-sulfated CS/HS and low sulfation CS/HS (Gasimli et al., 

2014, Fujitani et al., 2013). KS has been found to be present in hiPSCs and hESCs and the 

KS found was also found to have reduced sulfation (Kawabe et al., 2013, Oguma et al., 2001). 

The increase in sulfation is linage specific, which is likely to be the result of the activity of 

specific sulphotransferases and sulphatases that show lineage-specific expression. For 

example, during differentiation of mESCs to neural precursors, up-regulation of N-deactylase 

N-sulphotransferase 4 was seen as well as two specific 3-O-sulphotransferases (Nairn et al., 

2007). 

 

CS has been found to be required for differentiation, following investigation of 

glucuronyltransferase I null mESCs (Izumikawa et al., 2014). HS has similarly been shown to 

be required for differentiation. mESCs that are Exostosin glycosyltransferase I null (EXT-/-) 

result in no HS. The EXT-/- mESCs were unable to differentiate in to neural (Johnson et al., 

2007) or mesodermal lineages (Holley et al., 2011) The ability to differentiate was not returned 

when desulphated HS was added, suggesting a role for sulfation in the determining the ability 

ESCs to differentiate (Holley et al., 2011, Pickford et al., 2011). 

 

3.1.7 Chapter aims  

Whilst there is considerable interest in the creation of synthetic ECM used to culture cells in 

vitro, (including decellularised ECM, or hydrogels displaying with ECM-sourced binding motifs) 

there has been limited research so far into hydrogels designed to capture and maintain native 

ECM components through the physical properties of the hydrogel itself. The work in this 
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chapter introduces proof-of-concept studies designed to demonstrate the effect of engineering 

a minor physical difference into hydrogels and how this can alter the capture ECM 

components, such as GAGs within the hydrogel. The aim was to demonstrate if a relatively 

small change of charge of a hydrogel could then be used to change the native ECM within the 

stem cell microenvironment that could then affect the behaviour or response of the cells.  

 

Peptide amphiphiles were used as they contain a range of residues that are expressed on the 

surface of the hydrogel nanofibres. These residues have a charge when at pH 7 and should 

therefore express a charge during culture. The PA hydrogels needed to be optimised for 

production in 96 wells plates to culture hiPSC clusters. These clusters would then be able to 

secreted native matrix components into the hydrogel, where it could be sequestered through 

the charged residues, see Figure 30. HA, CS/DS, KS, and HS will be secreted by hiPSCs and 

as they hold a negative charge, they will be a target for any capture of SNMCs via hydrogels 

with positive charges. Due to their ability to influence critical signalling pathways important in 

the retention of pluripotency as well as initiating and promoting differentiation there is the 

potential for bespoke control of cell behaviour if the general principle can be proven.  

 



Peptide amphiphile scaffolds and human induced pluripotent stem cells 

Introduction 

© Sarah McGinlay 126 

 

Figure 30. A diagramic representation showing the hypothesis that charged PAs can capture 
proteins and glycans secreted by hiPSC clusters.  
The hypothesis suggests that the charges engineered into the PA hydrogels will allow for the 
capture of ECM components containing an opposite charge. These ECM components, such as 
structural proteins like collagen, glycosaminoglycans such as hyaluronic acid and proteoglycans 
such as perlecan would be secreted by the hiPSC clusters. The cartoon shows the potential 
increase in capture of these ECM components by PA gels over 4 days of culture. Figure made in 
Biorender. 
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3.2 Materials and methods 

3.2.1 Peptide amphiphiles  

Peptide amphiphiles purchased from Biomatik (Canada). The PAs were stored at -20ºC.  

 

Table 7. The peptide amphiphiles used in this work. The PA used, with their the sequences are 
listed. All PAs were desgined in house and then snythesised by biomatik. 

 

PA Sequence 

K2 C16–VVVAAA-KK 

K3 C16–VVVAAA-KKK 

K4 C16–VVVAAA-KKKK 

E3 C16–VVVAAA-EEE 

 

 

3.2.2 E3 hydrogel for the encapsulation of hiPSC clusters 

The glutamic acid containing PA E3 was dissolved in HEPES buffer (Gibco, USA) (10mM) to 

form a 1% w/v solution (Zhang et al., 2010). As the PA requires alkaline conditions to dissolve, 

NaOH (0.5M) (Thermo Fisher, USA) was added dropwise; the pH must be returned to 7 before 

adding the cells. The E3 was kept at room temperature or heated to 80°C and then cooled to 

37°C, thereby aligning the E3 PAs (Zhang et al., 2010), 10l droplets were plated on to a non-

tissue coated 48 well plate. To set the E3 a range of CaCl2 (Gibco, UK) concentrations were 

used (20mM, 15mM and 10mM) (Beniash et al., 2005). 
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3.2.3 hiPSC culture on vitronectin with E8 

Human induced Pluripotent stem cells (hiPSCs) (ReBL-PATs) (Mosqueira et al., 2018) were 

cultured on recombinant vitronectin (Gibco, USA) and maintained in E8 medium (Life 

Technologies, USA) during culture (Chen et al., 2011). The hiPSCs were passaged with 

TrypLE Express (Gibco, USA) and 10 ROCK inhibitor Y-27632 (Stem Cell Technologies, 

UK). All cell culture was completed in antibiotic free conditions in humidity, at 37°C and 5% 

CO2. 

 

3.2.4 hiPSC cluster formation 

The hiPSCs were formed into clusters using the hanging droplet method, as previously used 

(Lin, 2014., Ashworth et al., 2020a). The droplets containing the hiPSCs (100’000 cell/mL) in 

E8 medium were pipetted on to the lid of a petri dish (10cm) containing sterile PBS for 

hydration (Lin, 2014.). After 24 hours the hiPSC clusters were collected in E8 for up to 15 

minutes, where they could be moved to the appropriate hydrogel. 

 

3.2.5 Optimisation of hiPSC encapsulation in E3 hydrogel 

The hiPSC clusters were added to the E3/HEPES solution, with 3 - 4 clusters per 10l 

E3/HEPES droplet. Bright field images were taken immediately once the hydrogel was set. 

After incubation for an hour to ensure gelling, 250l of E8 medium was added to each well for 

culture overnight at 37°C and 5% CO2. Bright field images were again taken after 24 hours. 

Live / dead staining using Calcein AM and ethidium homodimer was carried out in the same 

concentrations as previously used (see section 2.2.5 , page 50). A laser scanning confocal 

microscope was used to collect the live/dead fluorescent images (Leica TCS SPE, UK).  
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The bright field images were categorised as phenotype 1, 2, or 3. For each condition tested 

(aligned or non-aligned E3 and specific CaCl2 concentration) the percentage of each 

phenotype was calculated (
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝑠 𝑖𝑛 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 𝑐𝑎𝑡𝑎𝑔𝑜𝑟𝑖𝑠𝑒𝑑 𝑎𝑠 𝑝ℎ𝑒𝑛𝑜𝑡𝑦𝑝𝑒 𝑋

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝑠 𝑖𝑛 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛
) 𝑥100. 

This was used to assess the viability of the hiPSCs clusters between the range of CaCl2 

conditions and E3 alignment. 

 

Table 8. Description of categories used to assess viability of hiPSC clusters. The viability 

assessment was based of bright field image analysis.  

Phenotype 1: flat, very pale with individual cells visible. 

Phenotype 2 The inner core is still holding a cell cluster with smooth edges and dark colouring. 

Phenotype 3 Paler than expected, individual cells visible or no visible inner core of normal 

looking cluster. 

 

Afterwards, a repeat with additional conditions was conducted, to see if the reasons for cell 

death could be highlighted. One of the new conditions was 10l of E8 medium containing 

hiPSC clusters adjusted with the CaCl2 ranges, to assess any cytotoxic effects of CaCl2. 

Another was the placement of hiPSC clusters in E3 that were not adulterated with CaCl2, to 

assess any cytotoxic effect of E3 when in solution. Bright field images were taken and the 

hiPSC cluster were categorised. See Figure 31 and Figure 32 for graphical overviews of the 

protocol. 

 

3.2.6 The creation of heatmaps 

The data from the encapsulation of hiPSC clusters in E3 was displayed in heatmaps created 

by prism software version 7.0d. The percentages of clusters categorised as a phenotype were 
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allocated a shade of blue, the darker the shade the closer to 100% of clusters categorised in 

the indicated phenotype. 

 

3.2.7 Optimisation of PA hydrogels 

All PA gels were formed at 37°C. K PAs were gelled by mixing with x10 PBS (Gibco, UK) 

(Redondo-Gómez et al., 2019) trials were conducted with varying ratios of K3 and PBS (x10) 

(Gibco, UK). E3 PA was gelled using 200mM CaCl2 (Beniash et al., 2005). Volumes of PA/HEPES 

buffer and either PBS or CaCl2 were altered till the hydrogel met the specifications. All 

hydrogels were set into the wells of 96 well plates, the E3 hydrogel required non coated plates 

(Thermo Fisher, USA). The order of mixing was also assessed, adding the gelator (PBS or 

CaCl2) first was found to be best. The final PA: gelator ratios were, for K2, K3, K4 2.5:1 and 

for E3 4:1. These ratios were used for all further work. 

 

The change in gelation time for the positively charged PAs was assessed depending upon the 

pH. The PA/HEPES solution was made to the selected formulation, and then the pH was 

measured, and the time taken till self-supporting was measured. All PA hydrogels were set at 

37°C. The PA/HEPES solutions were altered with dropwise addition of either HCl (0.5M) 

(Gibco, UK) or NaOH (0.5M). The pH vales assessed for each PA/HEPES solution was pH 3 

– 6. All pH measurements were checked on pH strips (31 508, VWR Chemical, UK).  

 

3.2.8 Self-assembling peptide FEFEFKFK 

The self-assembling peptide used was the octopeptide, FEFEFKFK (Pepceuticals, UK). The 

FEFEFKFK in dry powder form was used to make a 6mg/mL hydrogel using the previously 

published method (Ashworth et al., 2020a). The FEFEFKFK peptide (7.5g) was dissolved in 

sterile water (800l), vortexed for 3 minutes and heated for 2 hours at 80ºC. After which, NaOH 
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(0.5M) was added incrementally till optically clear. After adding 100l of PBS (x10), the 

FEFEFKFK was incubated at 80ºC overnight. The precursor FEFEFKFK hydrogel was stored 

at 4ºC. When needed the precursor FEFEFKFK gel was heated to 80°C for at least two hours, 

then cooled to 37°C in a water bath and then 250l of E8 medium was added to the 

FEFEFKFK hydrogel by reverse pipetting. 50l of the gel was then pipetted into the wells of 

96 well plates, covered with 200l of E8 and incubated overnight at 37°C and 5% CO2. 

Previous work used the hydrogel at a depth of 100l in a 96 well plate (Ashworth et al., 2020a) 

but it proved impossible to image hiPSCs on top of 100l of FEFEFKFK hydrogel.  

 

3.2.9 Size test of Cell Clusters 

The most suitable size of hiPSC cluster to be cultured on top of the PA hydrogels was selected 

by culturing a range of cluster sizes on FEFEFKFK hydrogel (as detailed above). The clusters 

were created by the method previous mentioned, but the cell solution concentration varied, as 

shown in Table 9. 5-7 hiPSC clusters were placed on top of a FEFEFKFK coated well. Bright 

field images (Nikon Instruments Inc, USA) were taken the same day (day 0) they were placed 

on the wells and after 24 hours, until day 3. The cell concentration selected for further work 

was 2,000 cells per cluster. See Figure 31 and Figure 44 for a more detail of the protocol. 
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Table 9. A table of the cell concentrations and droplet size to make a range of cell cluster 

sizes. 

Wanted cell number per 

cluster 

Concentration 

(Cell/mL) 

Droplet Volume 

(l) 

750 50’000 15 

1’000 50’000 20 

1’500 100’000 15 

2’000 100’000 20 

 

3.2.10 Preparation of PA, FEFEFKFK, and Matrigel Hydrogels  

The K2, K3, K4 PA hydrogels used the final trial ratio of 2.5:1 (PA: PBS) and E3 used the final 

ratio 2.3:1 (PA: CaCl2). To maintain the sterilisation required for cell culture all PA powder was 

sterilised under UV light for an hour before being made into a hydrogel. For all culture on top 

of the gel there was a second hour of UV sterilisation once the gels were set. After which all 

PA gels were covered in E8 medium overnight at 37°C and 5% CO2. Due to COVID and 

supervisor loss there were no measurement of the charges of the PAs and FEFEFKFK used 

to make the hydrogels. 

 

Matrigel (Corning, UK) was used as the gold standard for hiPSC cluster culture. Ice cold 

Matrigel was used in a 1:1 mix with cold E8 medium due to limited supply of Matrigel (Ashworth 

et al., 2020b), only one batch of Matrigel was used for this study (356234, Corning). 100l was 

then reverse pipetted into wells in a 96 well plate (Thermo Fisher, USA) and covered with 

100l of E8 medium overnight at 37°C and 5% CO2. FEFEFKFK hydrogels were set as above. 
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3.2.11 Culture of hiPSCs on top of PA, FEFEFKFK and Matrigel hydrogels 

After hiPSC clusters had been made and all hydrogels had been cultured overnight at 37°C 

and 5% CO2, the clusters were collected in E8 medium and 5-7 cluster were placed in each 

well on top of each gel. The E8 culture medium was replaced daily. One the final day of culture, 

live dead staining was completed, as previously descripted. The hiPSC clusters were imaged 

daily (bright field). See Figure 31 for a graphical overview of the protocol and Figure 47 for 

more detail. 

 

3.2.12 Cross-sectional area of the hiPSC 

To measure the cross-sectional area of the hiPSC clusters, the maximum and minimum radius 

was measured using Image J Fiji software (version 2.0.0-rc-69/1.52p) (Schindelin et al., 2012) 

and then entered into the formula for an oval area (Max Radius x Min Radius x Pi).  

 

3.2.13 Distance from the hiPSC clusters to the furthest cell removed 

For all hydrogels, the distance from the hiPSC clusters to the furthest cell removed from the 

cluster was measured. Three measurements were taken around each hiPSC cluster to 

measure the distance between the cluster and any cells that surrounded the cluster. These 

measurements were again taken on Image J Fiji (Schindelin et al., 2012).  

 

3.2.14 Retention of clusters on hydrogel 

The retention of the hiPSC clusters were calculated as a percentage for each hydrogel type 

and day of culture.  

(
Number of clusters on day X

number of clusters on day placed on hydrogel ⁄ ) x100. 
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3.2.15 Immunostaining of PA gels  

The wells selected for immunostaining were fixed with paraformaldehyde (polyscience, USA) 

at 4% w/v in PBS for 1 hour at room temperature (Ashworth et al., 2020b). The samples were 

then washed and stored in PBS at 4°C. Blocking buffer consisting of 0.1% Triton-X-100 

(Gibco, USA), 0.5% bovine serum (Thermo Fisher, USA) and 10% goat serum (Thermo 

Fisher, USA) in PBS was added to samples for one hour. Primary antibodies/probes in 

blocking buffer were either anti-chondroitin sulphate (AB11570, Abcam, USA) (1:400), 

biotinylated hyaluronic acid binding protein (bHABP AMS.HKD-BC41 AMSBio, USA) (1:100) 

or anti-laminin (AB11575, Abcam, USA) (1:100). Both were incubated overnight at 4°C.  

 

The samples were then washed with PBS three times and secondary antibody/labelled ligand 

in blocking buffer, was added. Either AF-488 goat anti-mouse IgG (A11029, Invitrogen) (1:100) 

and TRITC-Streptavidin (Stratech, UK) (1:100) with DAPI (D3571, Invitrogen, USA) (300nM) 

or AF-488 goat anti-mouse IgG and Phalloidin (F432/R415, Thermofisher, USA) (1:1000) with 

DAPI (300nM). The samples were then stored overnight at 4°C. Finally, the samples were 

washed in triplicate and then imaged using the laser scanning confocal microscope (Leica). 

Z-Stacks (~10m) were taken of all imaged clusters though due to their size the confocal could 

not take a complete view of all clusters.  

 

3.2.16 Statistics  

The design of the experiment lends to a mixed ANOVA (a version of a repeated measure 

ANOVA) as there was two independent conditions, hydrogel type and day cultured, and the 

data was collected from the same samples (repeated). However, the poor retention of hiPSC 

clusters on some hydrogels meant there was missing data (cross-sectional area and measure 
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of distance). If a mixed ANOVA was used, any hydrogels with missing data would have any 

previous measurements removed, this would have removed data from an already limited 

dataset.  

 

Options to correct this could have been to replace the data with a multiple imputation. 

However, due to limited number of repeats and the fact that the missing data for some gels is 

considerable, multiple imputation would be inaccurate (Jakobsen et al., 2017, van Ginkel and 

Kroonenberg, 2014). The models used in multiple imputation can only predict what is known. 

There are several types of missing data: “Missing Completely At Random” data with no 

apparent cause due to the known data or unknown data, “Missing At Random” if the missing 

values depend upon known observed data and can be predicted or “Missing Not At Random” 

if the missing values due to data not measured, therefore the values cannot be replaced by a 

model. The observed data is the size of the cluster or a distance from a cluster. There is a 

bias within the data as K2 has a higher parentage of missing data, which may be due to 

growing on the K2 gel (observed value) but could be due to other factors listed above which 

were not seen within the observed data meaning the data is Missing Not At Random and 

cannot be taken through multiple imputation (van Ginkel and Kroonenberg, 2014, Jakobsen 

et al., 2017).  

 

Another method to fill in the data would be to use an average (Jakobsen et al., 2017, van 

Ginkel and Kroonenberg, 2014). However, using an average was also unappealing as there 

were several extreme values found within the data and the limited repeats reduce any certainty 

that these extremes were true outliers, and the average was accurate.  
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Considering this and with advice from a statistician, if the data was normal, MANOVAs were 

completed, and if there was a factor found to be significant the post hoc test Tukey HSD was 

used. If the data was not normal, then the non-parametric test Kruskal-Wallis test was used, 

if there was a significant factor the Bonferroni correction for multiple comparisons was used. 

Unlike a mixed ANOVA, both do not consider the compounded effect of both day and gel. 

Statistical significance was shown by * p<0.05 and ** p<0.001.  

 

The number of repeats differed due to previously mentioned interuptions. When assessing the 

cytotoxity of the PAs there was a variation in repeats. The nonaligned PA had n = 3 and the 

aligned n=1. For each repeat there were upto 4 or 5 replicates each with 3 – 4 clusters in. 

Every cluster was imaged and catagorised. The more complex assessment of cytotoxicity 

including additional controls (no CaCl2 or medium) only had n = 1, with 5 replicates and 3 -4 

clusters per replicate. All clusters were imaged and catagorised. When assessing the optimim 

size of clusters for being placed on top of the hydrogel (FEFEFKFK) there was an n = 3, with 

6 replicates per repeat and 5 – 7 clusters per replicate (on day 0). Every cluster was on the 

hydrogel was imaged and measured.  

 

The large experiment, comparing the size, rention and cell spread, the clusters on all 

hydrogels (K2, K3, K4, E3 and FEFEFKFK) had variable numbers of repeats. K2 had an  n = 

3 for day 0 - day 3 and an n = 1 for day 4. K3 and K4 had an n = 4 for day 0 – day 3 and n = 

2 for day 4. FEFEFKFK had an n = 3 for day 0 - day 3 and an n = 1 for day 4. E3 and Matrigel 

had an  n = 2. For each repeat there were three replicates and each replicate had 5 – 7 clusters 

(on day 0). All clusters remaining upon the hydrogel was imaged and assessed. 
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Figure 31. Overview of all protocols with hiPSC clusters. 
A flow chart demonstrating the data collection of all experiments using hiPSC clusters. First is the encapsulation of the cluster in the E3 hydrogels 
Second shows the optimisation of the hiPSC cluster size for culture above (2D culture) the FEFEFKFK hydrogel. Third, the clusters cultures upon the 
lysine PA hydrogels (K2, K3, K4), glutamic acid PA hydrogel (E3), FEFEFKFK hydrogel and Matrigel. Figure made in Biorender. 
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3.3 Hypothesis  

Peptide amphiphiles (PAs) are used to form hydrogels to provide culture environments for a 

variety of cell types (Hedegaard et al., 2020, Núria Marí-Buyé, 2013). PA hydrogels are applied 

in these settings as they replicate many of the properties of native ECM through their porosity, 

elasticity, and regulatable stiffness. Other benefits associated with the use of PA hydrogels 

for cell culture include their ability to form gels that incorporate ECM components such as 

fibronectin via ionic interactions formed between opposite charges engineered into the PAs 

and those of the ECM components (Hedegaard et al., 2018). The PAs themselves can be 

engineered to have a range of charges due to the specific residues from which they are made, 

and this work aimed to test the hypothesis that hydrogels with subtle differences in charge 

would interact with or ‘capture’ native ECM proteins and GAGs secreted by cells, thereby 

altering the cells’ behaviour. If found to be the case, this system could be exploited to create 

a targeted selection of charged gels engineered to capture ECM proteins and GAGs tailored 

for specific cell culture applications. The captured proteins and GAGs will be a more complex 

mix than other systems where ECM components are exogenous (for example Chapter 2. ). 

As the capture of ECM components proposed would capture a board range of the secreted 

proteins and GAGs and perhaps the capture of components that bind to already sequestered 

material, thereby creating a sequestered ECM. 

 

The PAs used in this study included three PAs that would be positively charged when in 

solutions with a pH between 1 – 9 due to their increasing numbers of lysine (K) residues; (K2, 

K3, K4). One PA that would be negatively charged in solutions with a pH between 5 - 14, due 

to glutamic acid (E) residues, (E3). When at neutral pH or close to neutral pH the residues on 

both K and E3 PAs should be charged, previous work has found these PAs to have a positive 

charge (zeta potential) (Inostroza-Brito et al., 2015, Hedegaard et al., 2018) and E3 had a 
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negative charge (Hedegaard et al., 2018). There was no assessment of these charges in this 

work. 

 

The PAs used in this work are shown in Table 10 and Table 11. The PAs used all have the 

same basic structure; alkyl tail, -sheet forming section and the hydrophilic head where the 

variation of charged residues are located (Table 10 and Table 11). These PA were selected 

as the positive charge upon the lysine PAs has been shown to ionically interact with negative 

charged ECM components when forming ECM containing hydrogels (Hedegaard et al., 2020, 

Hedegaard et al., 2018, Hartgerink et al., 2001). It was therefore expected that that positive 

charges would form electrostatic interactions with secreted native ECM components of 

negative charge, specifically GAGs. The increasing charge by the K PAs with increasing lysine 

residues provided an ability to assess whether the relative levels of charge impacts the capture 

of secreted native ECM components. The E3 PA with its negative charge was selected to 

assess if the opposite charge would capture different secreted native ECM, due to electrostatic 

repulsion.  

 

To provide controls for the charged PAs, two hydrogels were used that were assumed to be 

neutral at physiological pH. One of these is an octapeptide hydrogel (FEFEFKFK) formed from 

alternating hydrophobic and hydrophilic residues, with both basic and acidic components that 

effectively balance each other out when close to pH 7. The peptide has been used extensively 

to support 3D in vitro culture of multiple cell types, including HCT116 colorectal cancer, MCF7 

breast cancer cell lines, Patient-derived xenograft (PDX) cells from a triple negative breast 

cancer patient (BR8), mESCs and hiPSCs (Ashworth et al., 2020a, Ashworth et al., 2020b). 

In all these cell types clultured the FEFEFKFK hydrogel were able to grow and remain viable. 

The FEFEFKFK is a blank slate hydrogel that can be modifed both with additional components 

(collagen) or stiffness alteration for a succeful culture of a range of cell types. In addition, 
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Matrigel was also used as it is widely used for many types of cell culture and is often described 

as the gold standard of a 3D in vitro matrix (Stock et al., 2016). An example of Matrigel usage 

is the long term culture (8 weeks) of hiPSCs differentiated into intestinal epithelial cells, the 

cells were able to proliferate, form organoids and maintained enzymatic activities to the same 

level as newly generated intestinal epithelial cells (Yoshida et al., 2020). Matrigel is comprised 

of many ECM proteins and glycans therefore can be used a condition with high levels of ECM 

components. These controls will provide a comparison been an assumed lack of ECM 

components in the neutrally charged hydrogel (FEFEFKFK) and high levels of ECM 

components in the Matrigel.  
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Table 10. Description of peptides showing amino acid sequence, molecular formulae, and mass.  

 

 

  
Peptide Sequence 

Molecular 

Formula 

Molecular 

Weight 

(g/mol) 

K2 C16 –VVVAAA-KK C52 H99 N11 O9 1022.41 

K3 C16 –VVVAAA-KKK C58 H111 N13 O10 1150.58 

K4 C16–VVVAAA-KKKK C64 H123 N15 O11 1278.75 

E3 C16 –VVVAAA-EEE C55 H96 N10 O16 1153.40 

FEFEFKFK FEFEFKFK C58 H76 N10 O13 1121.28 
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Table 11. Graphical representation of the peptides used, highlighting their structure and key 
features. 
Denoted by the colour are defining features in the peptides. The carbon chain (yellow), β-sheet 
forming section (green), Lysine (K) residue basic (blue), Glutamic Acid (E) residues acidic 
(orange), Hydrophobic section (red), Hydrophilic section (purple).  

 

Peptide Structure 

K2  

K3  

K4  

E3  

FEFEFKFK  
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3.4 Results 

3.4.1 Optimisation of cell clusters encapsulated in E3 hydrogels 

The K PAs have previously been used to create hydrogels when combined with other proteins, 

for example keratin (Hedegaard et al., 2018, Hedegaard et al., 2020, Capito et al., 2008). 

These have been used for cell encapsulation when mixed with another protein (Inostroza-Brito 

et al., 2015). Cells cannot be encapsulated directly in the K2, K3 and K4 PAs as the positive 

charge associated with the PAs is toxic to the cells (Newcomb et al., 2014). The presence of 

cationic residues in hydrogels has been used to form antibiotic scaffolds (Chang et al., 2017); 

the positive charge interacts with the bacterial cell membrane which is negatively charged due 

to the presence of peptidoglycans (Gupta et al., 2013, Åmand et al., 2012). Due to this well-

known effect, the positively charged PAs used here were not applied to encapsulation of 

hiPSC clusters. 

 

Experimental design 

The E3 PA has previously been applied to the culture of MSCs where gelation of E3 hydrogels 

was triggered by the addition of CaCl2 (Zhang et al., 2010). Therefore, an experiment was 

conducted to optimise the encapsulation of hiPSCs in E3 hydrogels to support maximum 

viability. The cell clusters were encapsulated in 1% E3 which was either kept at 37ºC (non-

aligned) or heated to 80ºC then cooled to 37ºC (aligned) before being introduced to the cells. 

In both cases, gelation was triggered using a range of CaCl2 concentrations. The heat 

treatment changes the confirmation of the E3 PA nanofibers, aligning them (Zhang et al., 

2010). We anticipated that this could impact the behaviour of the encapsulated cells therefore, 

we tested both the aligned and non-aligned E3 hydrogel. 
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The E3 hydrogels were created using 10l droplets of E3, using CaCl2 concentrations (one as 

used previously (10mM) (Beniash et al., 2005) and two other concentrations (15mM, 20mM), 

(Figure 32B, Table 12). Gelation was triggered in the E3 droplet hydrogels by addition of CaCl2 

swirled through the droplet, as demonstrated in Figure 32B. The CaCl2 concentrations listed 

in Table 12 show the CaCl2 concentration when added to the droplet and the concentration 

once medium was added for 24-hour culture. The flow chart in Figure 32A shows the 

experimental plan.  
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A 

B 

Figure 32. The experimental composition for the optimisation of hiPSC cluster viability when 
encapsulated in E3 droplet hydrogels.  
A A Flow chart of the experimental plan. B A graphical representation of the procedure to make 
the E3 droplets. The E3 can be non-aligned (yellow) or aligned through heating to 80ºC and cooled 
(green), gelled with CaCl2 in a range of concentrations (purple). After 30 minutes the clusters were 
imaged and covered with medium (pink). After 24 hours the encapsulated clusters were imaged 
again. Figure made in Biorender. 

  

Day -1

•Hanging droplets used to 
make hiPSC Clusters

Day 0

•E3 PA soltuion made
•Non-aligned

•Aligned 

•hiPSC clusters and E3 
solution pipetted into 10ul 
droplets

•Hydrogels set with one of 
the three concentrations of 
CaCl2 and imaged 

•30 minutes later 250ul 
medium was added to each 
well 

Day 1

•Clusters cultured for 24 
hours and imaged
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Table 12. The CaCl2 concentrations in the 10l droplets and once 250l medium was added for 
overnight culture. 

CaCl2 Concentration 

Droplets Filled well 

20mM 0.8mM 

15mM 0.6mM 

10mM 0.4mM 

 

Phenotypic characterisation 

The hiPSC clusters encapsulated were then categorised into one of three phenotypes on the 

day of encapsulation (day 0) and day 1. The representative images in  

Figure 33B showed a clear difference between these phenotypes. Phenotype 1 displayed a 

flat cell cluster where the individual cells were visible and the cells within the cluster were more 

optically bright. Phenotype 2 displayed a well-defined raised central cluster surrounded by 

individual cells that were flat and optically bright. Phenotype 3 is a more intermediate 

phenotype, that showed optically bright cells on the periphery of the cultures, but without single 

cells being clearly visible. In these, there was no clear raised inner cluster, and the centre was 

optically dark ( 

Figure 33A and B).  

 

To assess the viability of the hiPSCs, live dead staining was completed on day 1. Phenotype 

1 clusters were found to be comprised of dead cells while phenotype 2 had a central core of 

living cells in the well-defined raised area while the edges were comprised of dead cells 

(Figure 34). It was impossible to determine the viability of phenotype 3 as there were almost 

no clusters of this type 3 on day 1.   
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A 

B 

Figure 33. Categorisation of hiPSC Clusters. 
A A table detailing the characteristics of each phenotype. B Representative images highlighting 
differences between phenotype 1, 2 and 3. Phenotype images taken in aligned E3 droplets with 
concentration 15mM over day 0 (30 minutes after encapsulation) and day 1. Cluster in suspension 

taken day 0. All scale bars = 100m.  

  

Phenotype Categorisation Characteristics 

1 
• Single cells were visible  

• Cell cluster appeared to be flatter  

• The cells were optically bright  

2 
• Single cells within the centre of the clusters were not individually 

visible but it was a well-defined raised area 

• An area of disseminated cells surrounding the cluster  

• The outer cells were also flatter and optically bright 

3 
• Lighter and flatter cells on the edge of the cluster  

• Less optically bright in the centre  

• No well-defined raised central cluster 

Phenotype 3 Phenotype 1 Phenotype 2 
Suspension 

Cluster 
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Figure 34. Cell viability in phenotype1 and 2 clusters.  
Viability (live/dead) staining of cell clusters in nonaligned E3 with CaCl2 concentration 10mM on 
day 1. Clusters stained with Calcein AM and Ethidium Homodimer demonstrating the cell death in 

phenotype 1 and the outer dead cells and centre of live cells in phenotype 2. Scale bars 100m. 

 

 

  

Phenotype 2 

Phenotype 1 

100m 



Peptide amphiphile scaffolds and human induced pluripotent stem cells 

Results 

© Sarah McGinlay 149 

Phenotype prevalence per condition, day 0 

The heatmaps shown in Figure 35 display the percentage of hiPSC clusters characterised as 

each phenotype per E3 type and CaCl2 concentration. The number of hiPSC clusters imaged 

varied as more biological repeats were performed for the non-aligned E3 solution. There was 

also a decrease in the number of hiPSC clusters categorised on day 1 compared to day 0 as 

the hydrogel droplets could be damaged if the addition of medium was too aggressive (Figure 

34). The CaCl2 concentration are shown in Table 12.  

 

In both E3 solutions on day 0, there was a high percentage of hiPSC clusters categorised as 

phenotype 3, but almost none found on day 1, suggesting that phenotype 3 was transient 

(Figure 35). As mentioned, phenotype 3 shared characteristics with both other phenotypes ( 

Figure 33); it could therefore be the intermediate between phenotype 2 with living cells and 

the dead cells found in phenotype 1. The clusters assigned phenotype 3 on day 0 may be the 

clusters that will go on to be categorised as phenotype 2 on day 1. This conclusion may also 

explain why there were no clusters categorised as phenotype 3 on day 0 (Figure 35).  

 

The non-aligned E3 droplet hydrogels on day 0 had around 40% of clusters assigned as 

phenotype 1 (Figure 35), and therefore dead (Figure 34). There was only an extremely slight 

difference in the percentage of hiPSC clusters characterised as phenotype 1 between the 

concentrations of CaCl2 in the non-aligned E3 droplets on day 0 (Figure 35). This suggested 

that at all tested concentrations of CaCl2 (Table 12) the conditions were toxic to the cell 

clusters immediately (within 30 minutes) during gelation. This toxcity may not have been due 

to CaCl2. There was also a higher percentage of hiPSC clusters categorised as phenotype 3 

in the aligned E3 than non-aligned on day 0 (Figure 35), suggesting a less toxic environment 

in these gels immediately after gelation.   



Peptide amphiphile scaffolds and human induced pluripotent stem cells 

Results 

© Sarah McGinlay 150 

A 

B 

  Non-aligned E3 Aligned E3 

 CaCl2 (mM) 20 15 10 20 15 0 

D
a
y

 0 74 74 75 18 22 21 

1 62 53 46 18 13 10 

Figure 35. Optimisation of hiPSCs viability when encapsulated in E3 hydrogels. 
The E3 PA was either non-aligned (n=3) or aligned E3 (n=1). A The heatmaps showing the 
percentages of each phenotype for each CaCl2 concertation (20mM, 15mM and 10mM). The 
phenotype1 was shown in Figure 34 to be comprised of dead cells, while phenotype 2 showed live 
cells. The darker the shade of blue the higher the percentage of hiPSC clusters categorised as the 
indicated phenotype. In day 0 both non-aligned and aligned E3 were categorised as phenotype 3 
independent of CaCl2 concentration. On day 1, the 10mM concentration had more clusters 
identified as phenotype 1 and therefore dead. The CaCl2 concentration with the highest percentage 
of clusters categorised as phenotype 2 (most viable phenotype) differed between aligned (15mM) 
and non-aligned E3 (20mM). Created in SPSS. B The number of clusters imaged and categorised. 
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Phenotype prevalence per condition, day 1 

The non-aligned E3 hydrogel droplets on day 1 showed a greater percentage of hiPSC 

clusters categorised as phenotype 2, with the highest CaCl2 concentration (20mM). As 

phenotype 2 has the highest viability (Figure 34), this suggested that concentration 20mM in 

the non-aligned E3 hydrogels was the least toxic condition. The non-aligned E3 hydrogel had 

the lowest concentration of CaCl2 was used for gelation (10mM) and was seen to have the 

greatest percentage of cell clusters within phenotype 1 (Figure 35). This indicated that an 

increased CaCl2 concentration was required for reduced toxicity of the hydrogels.  

 

The hiPSC clusters encapsulated in the aligned E3 hydrogel droplets also showed a reduction 

in viability when the CaCl2 concentration was low (concentration 10mM), as ~70% of the 

hiPSC clusters were characterised as phenotype 1. However, the highest concentration of 

CaCl2 did not produce the highest level of viability, with this observed for the intermediate 

concentration (15mM) (Figure 35). This therefore suggests that when using the aligned E3, 

there was some toxicity from the CaCl2. The data for the aligned E3 was gathered from only 

one experiment but may indicate a difference in optimum hydrogel conditions between the 

aligned and non-aligned E3 hydrogels.  This experiment would need to be repeated multiple 

times to draw strong conclusions. 
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Expanded experimental design 

As the lower concentrations of CaCl2 in both E3 and aligned E3 were associated with 

increased toxicity (Figure 35), there was a suggestion that the toxicity was from the PAs 

themselves, rather than the CaCl2. As E3 has been used to encapsulate other cell types 

without toxicity (Redondo-Gómez et al., 2019, Zhang et al., 2010), this required further 

investigation. Therefore, an expanded experiment was conducted, as shown in Figure 36. This 

allowed the assessment of both E3 groups independent of CaCl2. This would prevent the 

gelling of the E3 solution, but it would allow for an assessment of toxicity of E3 and aligned 

E3 in solution (Table 13). To assess the effect of CaCl2 there was an additional group of hiPSC 

clusters were suspended in medium droplets to which specific CaCl2 concentrations were 

added. 

Figure 36. The protocol for further optimisation of E3 hiPSC cluster encapsulation.  
A daigramatic representation displaying the alterations to the experimental setup (n=1). The hiPSC 
clusters were in non-aligned E3 solutions (yellow), aligned E3 solution (green) and medium 
droplets (pink) to which a range of CaCl2 concentrations (purple) were added. Figure made in 
Biorender. 



Peptide amphiphile scaffolds and human induced pluripotent stem cells 

Results 

© Sarah McGinlay 153 

Table 13. The CaCl2 concentrations used.  

The concentration shown includes, first in the 10l droplet of E3 PA solution and then when 
medium was added for overnight culture. 

CaCl2 Concentrations 

Droplets Filled well 

20mM 0.8mM 

15mM 0.6mM 

10mM 0.4mM 

0mM 0mM 

 

Phenotype prevalence per condition 

It became very clear that there was a toxic affect from the E3 (both aligned and non-aligned) 

when the cell clusters were in the E3 PA solution, as shown in Figure 37 (CaCl2 concentration 

0mM). When no CaCl2 was added to the non-aligned E3 100% of imaged hiPSC clusters were 

categorised as phenotype 1 and therefore dead (Figure 37). Approximately ~80% of hiPSC 

clusters were categorised as phenotype 1 in the aligned E3 solution with no CaCl2, suggesting 

that the change in alignment generated a solution that was still toxic, but to a lesser degree. 

The aligned E3 hydrogel droplets also differed to the non-aligned in that even without the 

addition of CaCl2, the aligned E3 hydrogels were able to form a more self-supporting gel-like 

structure though it was more easily broken than the hydrogels formed by the addition of CaCl2 

(observation, no data supplied). This suggests that the toxicity may be due to the availability 

of the PA to the cell membrane as the aligned PAs form bundles while in solution not the 

micelles as found in the non-aligned (Zhang et al., 2010), therefore fewer individual PAs may 

have been able to interact with the cell membrane. This difference in pre-gelled structures 

may also cause the reduction in the time taken to gel. 
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This expanded experiment (Figure 37) showed the same trend in the optimum CaCl2 

concentrations as previously (Figure 35); non-aligned E3 hydrogels had the optimal cell 

viability with the most concentrated CaCl2 solution (concentration 20mM) and the aligned E3 

hydrogels had the best cell viability with the intermediate concentration (concentration 15mM). 

This validates the previous results and increases the number of repeats for the aligned E3 (to 

an n of 2). The lowest concentration of CaCl2 was found to be the most toxic, this could be 

due to the increase observed in the time taken for gelation, which allowed E3 to remain a 

solution in contact with the cells. Additionally, as the aligned E3 hydrogels underwent more 

rapid gelation, the intermediate concentration was sufficient for gelation without an excess of 

CaCl2 that may be present when setting with concentration 20mM. 

 

To test for the impact of increased CaCl2 concentration alone, the hiPSC clusters were cultured 

in medium droplets to which were added a range of CaCl2 concentrations for 30 minutes. After 

this, the dishes were filled with medium for overnight culture. As this was a suspension culture, 

the hiPSC clusters adhered together overnight, limiting the number of clusters that could be 

counted on day 1. The viability of the hiPSC clusters maintained in suspension culture, as 

measured by percentage categorised as phenotype 2, was higher than in any E3 hydrogels 

across all the concentrations of CaCl2 tested on day 0, as shown in Figure 37. Therefore, there 

was no immediate negative effect of exposure to increased CaCl2. However, on day 1 there 

was a very slight decrease in the number hiPSC clusters categorised as phenotype 2 as the 

concentration of CaCl2 increased. Therefore, the CaCl2 concertation may have a slight toxic 

effect on the hiPSC clusters independent to any toxic effect from the E3 solution.  
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However, it should be noted that the conditions tested in these limited experiments (Figure 35 

and Figure 37) were not wide-ranging enough to find truly optimum conditions where the 

hiPSC clusters were able to be confidently cultured in E3 hydrogels. Even in the least toxic 

conditions, with the higher percentage of phenotype 2 hiPSC clusters, the clusters were still 

surrounded by dead cells. As the hiPSC clusters were already damaged, any conclusions 

based on the use of these should be approached with caution. It is possible that observed 

outcomes could be due to the degradation of the samples caused form the encapsulation 

method rather than by the experiments as designed. If time and access to labs during the 

pandemic had allowed, I would have continued optimisation to define an ideal encapsulation 

method, which would have been used to assess if encapsulation in E3 allowed for differential 

capture of ECM proteins and glycans, due to charge, rather than culturing the cell clusters on 

top of the E3 hydrogel. It was therefore clear that further experiments would not include the 

encapsulation of hiPSC clusters in E3.  
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A 

 

B 

Figure 37. Further optimisation of hiPSCs viability.  
A Heat maps displaying the percentage cell clusters found in each phenotype (as detailed in  

Figure 33) per condition and CaCl2 concertation. Phenotype 1 has been found to be dead cells, 
while phenotype 2 contain living cells (Figure 34). The darker the shade the higher the percentage 
of clusters categorised as a specific phenotype. On day 0 the only clusters in phenotype 2 are 
those in medium. On day 1 there was a slight reduction of clusters identified as phenotype 2 in 
medium when CaCl2 concentrations were 20mM. When encapsulated in E3 without CaCl2 there 
was a sharp increase in clusters identified as phenotype 1 (therefore dead). The optimum 
concentration for clusters to be categorised as phenotype 2 remained as those seen in Figure 35. 
Created by SPSS. B The number of clusters counted for each category. N = 1. 

   

  Non-aligned E3 Aligned E3 Medium 

 CaCl2 (mM) 20 15 10 0 20 15 10 0 20 15 10 0 

D
a
y

 0 30 17 24 20 19 24 30 12 36 10 14 25 

1 26 16 23 20 17 5 26 8 5 7 7 8 

P
e
rc

e
n

ta
g

e
 o

f 
c
lu

s
te

rs
 (

%
) 



Peptide amphiphile scaffolds and human induced pluripotent stem cells 

Results 

© Sarah McGinlay 157 

3.4.2 Optimization of PA hydrogels for 2D culture 

The K PAs were selected as their net charge should have been positive when in solutions with 

a pH range of 1 – 9. The net charge was assumed to be positive during all described work 

here as the pH was held close to 7. The charge upon the PAs could provide electrostatic 

interactions with secreted native ECM proteins and glycans that were negatively charged, 

thereby using the hydrogels’ physical characteristics to capture ECM proteins. The series of 

K PAs have an increasing charge, provided hydrogels to assess the effect the strength of 

charge had upon the capture of native ECM components. The E3 PA was selected as it has 

a negative net charge between the pH values of 5 – 14. A hydrogel with a negative net charge 

provides an assessment of whether the capture of native ECM components was different.  

 

Specifications for PA hydrogels 

All experiments had to be conducted using the hydrogels as a coating for 2D hiPSC cluster 

culture, due to the toxic effect of both the K PAs (Newcomb et al., 2014) and E3 PA in 3D 

hiPSC culture (see section 3.4 , page 142). The specifications for the hydrogels included both 

physical characteristics and technical specifications for production, as seen (Figure 38). Due 

to the COVID-19 restrictions in place at the time these experiments were carried out, there 

were limited spaces and time within the laboratory to use the equipment, and therefore the 

maximum workable time for the PAs to form a hydrogel was an hour.  

 

Other PA hydrogels have been formed into a range of shapes including noodles and spheres 

(Hedegaard et al., 2018, Zhang et al., 2010). We were keen to continue using hiPSC clusters 

rather than individual cells as previous work has demonstrated a clear benefit for cell viability 

in allowing the cells to remain as small clusters (Pakzad et al., 2010, Pijuan-Galitó et al., 2016). 

Due to the use of clusters, we coated the entire base of a well with hydrogel, enabling an 
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average of 6 clusters to be placed in each well. In addition, we found that a depression in the 

surface on the well was optimal to keep the hiPSC clusters in a more central position in the 

well which removed any effect of the well walls on the hydrogel and improved imaging (Figure 

38).  

 

For culture over several days the hydrogel needs to endure the physical stresses of daily 

medium changes without disintegrating or undergoing severe deformation. If the hydrogel is 

unable to withstand this, then the hiPSC clusters will be lost during culture and this would not 

therefore be a reliable culture method.  

 

  



Peptide amphiphile scaffolds and human induced pluripotent stem cells 

Results 

© Sarah McGinlay 159 

A 

B 

Figure 38. Specifications for the creation of the PA hydrogels.  
A List of the physical and technical specifications the hydrogels need to fill. B A graphical 
representation of the process used to produce the hydrogels. Powdered PAs are weighted and 
then made into a 1% solution with the addition of HEPES buffer. The optimisation of the gelation 
methods, through the trial of differing ratios of PA and gelator and the method of mixing these 
solutions. The gelator was dependent on the PA, with the K PAs being gelled by the addition of 
PBS and the E3 PA gelled through the addition of CaCl2. The gelled PA hydrogel (in grey) is a 
representation of the desired shape in a 96 well plate. The hydrogel completely fills the well and 
there is a slight depression at the centre of the hydrogel (darker grey) to allow for a more central 
placement of the cell clusters. Figure made in Biorender. 

 

The K and E3 PAs differ in their method of gelation; the positively charged PAs are mixed with 

salts (PBS x10) and the negative PA was mixed with CaCl2. Optimisation of the formulation 

for each group of PAs was performed to make sure they had all the specifications mentioned. 

Optimisation of the K-series PAs was conducted upon K3 alone as stocks of the other PAs 

were critically limiting at the time.  

 

4. Complete coverage of the well. 

5. Slight dip within well to allow for cell 

cultures to keep to the centre of well. 

6. Retains shape during medium 

changes. 

 

 

Specifications for the hydrogels:  

1. PA hydrogel formed within the 

hour 

2. Self-supporting 

3. Entire volume of PA gelled 
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3.4.3 Optimisation K PAs  

Formulations of K PA hydrogels 

The first formulation tested was that where the PA charges of K3 were screened by the 

addition of sodium hydroxide thereby stimulating the formation of PA nanofibers (Xu et al., 

2010a). However, as shown in Table 14, although a hydrogel was formed, there were several 

limitations, and it was unable to fit the specifications required. The point at which gelation 

occurred was extremely hard to identify and often resulted in the addition of excess sodium 

hydroxide and breakage of the hydrogel. Second, due to the small volumes of sodium 

hydroxide required it could not be dispersed throughout the entire volume of the PA solution, 

and gelation occurred non-homogenously. The gelled areas of the PA solution were then 

broken while more sodium hydroxide was added to try and achieve full gelation, as the 

dropwise method required repeated insertions into the hydrogel. A broken hydrogel is shown 

in Figure 39C, where the opaque sections are those where the hydrogel has been broken. 

Once broken these PA hydrogels do not reform. 

 

The next formulation tested the current formulation used within the laboratory group to make 

small 10l droplets. Instead of requiring the use of sodium hydroxide, gelation was triggered 

through the addition of x10 PBS. The salts screen the charges of the K3 PA and trigger 

formation of nanofibres. Gelation occurred in a 37ºC incubator, but this formulation did not 

meet the specifications as gelation took longer than an hour (Table 14). Next, the ratio of K3 

solution to PBS was altered from 3:1 to 2:1 (formulation 2). This reduction allowed for a greater 

concentration of salts from the PBS to interact with the PAs, thereby allowing faster formation 

of nanofibres. Using this adaptation, gelation was complete in 25 minutes (Table 14). 

However, this formulation did not provide the depression required to keep the cell clusters 

localised, and this was suspected to be due to the total volume used to create the hydrogel. 

Therefore, this was tested (formulation 3), maintaining the ratio between PA and PBS at 2:1 
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but reducing the total volume to 105l. The formulation 3 hydrogel, showed gelation within the 

required time frame, completely filled the well, had no remaining PA in solution and had the 

required central depression. As a further test, the hydrogel was covered in medium (E8) that 

would be used for culturing the cell clusters. The hydrogel broke apart and deformed when 

the medium was changed. Therefore, the a final modification was tested (formulation 4) with 

a slight increase in the PA from a ratio of 2:1 (K3 solution: PBS) to 2.5:1, as previously the 

increase in salts has resulted in stronger hydrogels (Stendahl et al., 2006). This was selected 

as the final formulation that would be used for all the positively charged PAs (K2, K3 and K4), 

as it met the specific requirements list in Figure 38.  

 

Mixing technique for producing the K PA hydrogels 

The protocol used here was to swirl the solution being added from the bottom of the well to 

the top making sure to move though the centre of the well to prevent the formation of a hole. 

The swirl was the preferred method to mix the PA and PBS solutions as it better mixed the 

two solutions while not disturbing any of the nanofibres that had begun to form. When 

insufficiently mixed, small PA droplets can form, surrounded by remaining PA solution. In 

addition, any attempt to manually mix both solutions by pipetting fragments any of the 

nanofibres formed. The order of addition of the PA solution and PBS to the well to create the 

hydrogels determined the physical characteristics of the hydrogels (Figure 39A). 

 

As listed in Figure 39 when the PA solution is swirled into the PBS solution, the hydrogel 

fragments as there is less capacity to swirl the PA solution into the PBS without the pipette tip 

moving through forming nanofibres. The small volume of PBS resulted in spheres of hydrogel 

forming surrounded by PA solution (Figure 39), which does not comply with the specification 

(Figure 38). When the PBS was added to the PA solution it was much easier to successfully 
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swirl the PBS without fragmenting the hydrogel (Figure 39). Therefore, going forward all the 

positively charged PA hydrogels were formed by adding the PBS to the PA solution (Figure 

42). 
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Table 14.Observations of K3 formulations.  
Conditions tested and observations made during optimisation. All tested on K3 1% gel, n = 3. 

 

 

Mixture (µl) 

Ratio Observations 
 

PA-

K3 

PBS 

(x10) 

NaOH 

(0.5M) 

Standard 

protocol 

100 - Drop 

wise(~4) 

- 
• Self-supporting hydrogel forms but hard to clearly see the hydrogel/liquid interface 

• Small volume of NaOH added and therefore not dispersed evenly throughout the gel 

• Method produced gels that were broken due to pipetting action 

Formulation 1  90 30 - 3:1 
• Method based on that used for creating small gel droplets 

• Gelation occurred gradually, over 1 hour + 

• Failed to achieve the required characteristic of gelation in 1 hour 

Formulation 2 100 50 - 2:1 
• Self-supporting hydrogel formed in 25 minutes at 37ºC 

• Volume required meant that the central depression required to hold the cell clusters in place was lost 

• Reduced volume attempted in Formulation 3 

Formulation 3 75 30 - 2:1 
• Self-supporting hydrogel formed with the required central depression 

• Gel was very weak and easily damaged during medium changes 

Formulation 4 70 35 - 2.5:1 
• Self-supporting gel with a central depression formed within 25 minutes 

• Gel stable during medium changes 

• Formulation selected for further work on all PA gels containing lysine (K2, K3, K4) 
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A 

 

 

 

 

 

B  C 

 

 

 

 

 

Figure 39. Optimisation of method of mixing PBS and PA solutions.  
A A table with the observations for both methods to mix the positively charged hydrogels, n = 3. Figure made in Biorender. B A diagrammatical representation 
demonstrating the demonstrating the methods used to mix reagents. Two wells shown with the arrows displaying the direction of pipetting, PBS (orange) and PA solution 
(blue). C Representative image of a broken K3 gel (formulation 4) made by swirling PA into PBS, magnified section with dotted lines showing the fragments of hydrogel. 
Scale bars 5mm and 1 mm respectively. 

Order of additions Observations 

PA Solution into PBS 

(x10) 

• For all ratios, tended to form a broken, disrupted hydrogel 

• Small volume of PBS caused the pipette tip to break the hydrogel 

• Hard to create a level gel, if a constant swirl of PA not achieved this tended to create a spherical gel  

PSB (x10) into PA 

Solution 

• Much easier to swirl the PBS (x10) into the larger volume of PA solution allowing for greater control of the pipette 

tip and the formation of a full well gel without breaking 
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Optimisation of K PA hydrogels 

The pH differed between the different positively charged PAs when they were in solution 

(without adulteration); K2 was ~pH 6, K3 was ~pH5 and K4 was ~pH 4 (bold value in Table 

15). To assess whether there was an optimum pH for the creation of the hydrogels, each 

positive PA was gelated at a range of pH values and the time required for this recorded. The 

alteration of the pH influences the net charge of the amino acids present. The positive charge 

is present as the amino groups on the side chain of lysine residues are protonated. When the 

pH is high there is an excess of hydrogen ions (H+), which raises the number of protonated 

amino groups in the equilibrium. This optimisation was necessary to account for the known 

batch to batch variation in supplied PAs. For example, the incomplete removal of trifluoracetic 

acid (TFA) present during PA production (Section 3.2.1 p126) (Mata et al., 2012), results in 

more acidic PA solutions. The pH of the PAs in solution was altered by addition of sodium 

hydroxide or hydrochloric acid (0.5M). A maximum of 60 minutes was allowed for gelation 

according to the specification (Figure 38).  

 

While K2 gelled and became self-supporting quickly across all tested pHs; for both K3 and K4 

gelation was achieved fastest at pH 4 or 5, (the pH of the K3 and K4 respectively when 

dissolved in HEPES buffer). Gelation of K3 and K4 was delayed when the PA solution was 

more acidic, which is likely to be a result of increased charge repletion requiring screening for 

the fibres to form.  

 

Independent of the differing pH levels, the tested PAs had a distinct pattern in the time required 

for gelation, with K2<K3<K4 (Table 15). This suggests that, as the number of lysine residues 

and charge increases (Table 10) the time required for gelation also increases. The increased 

charge associated with the PAs (K2<K3<K4) increases the repulsion between PA fibres. As 
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K2 has fewer protonated amino groups, the PBS was likely to contain more salt than charged 

amino groups. Thereby, the electrostatic repulsion was overcome quickly. As the number of 

lysine residues increases the number of protonated amino groups increases but there is no 

additional PBS or salt.  

 

In addition, while in solution the PAs form transient micelles (spherical aggregates) that form 

due to the hydrophobic collapse that draws PAs together. When the force of the hydrophobic 

collapse was stronger than the charge repulsion between the hydrophilic heads of the PAs. 

Therefore, the K2 PA with a smaller charge may have had a larger number of micelles or 

larger micelles, with K3 and K4 having reducing number and size of micelles. If there was a 

substantial number or size of micelles in the K2 PA/HEPES solution, then the PAs were 

already close to each other allowing for a quick reorganisation into a self-supporting hydrogel. 

However, as the charge repulsion increases through K3 and K4, the PAs themselves were 

more disrupted throughout the HEPES solution, and the longer it would take to reorganise the 

individual PAs into the nanofibres, once the gelator (PBS) was added.  

 

Physical differences between positively charged hydrogels. 

In addition, the speed of gelation impacts the physical characteristics of the hydrogels. As 

seen in Figure 40, the K2 hydrogel was the least homogenous and the K4 hydrogel was the 

most uniform with fewest defects. There were larger deformities (areas that appear to be less 

dense surrounded by denser areas) in the K2 and K3 hydrogels, (highlighted with * in Figure 

40). The deformities in the K2 hydrogels could be as large (Figure 40). As K2 gels more rapidly 

(Table 15) it was likely that there was reduced diffusion of the PBS into the PA solution before 

some of the hydrogel set. This could have produced areas of the hydrogel that set rapidly and 

are more resistant to deformities and other areas of the hydrogel with less access to the PBS 
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that are more prone to deformities. The K4 PA produced the hydrogel that best fit the 

specification as it had lest deformities when combined with cells and applied for in vitro cell 

culture and was the most homogenous.  

 

Table 15. Optimisation of pH for K2, K3 and K4 gelation. 
Optimisation of pH for each positivity charged PA, assessed using time to achieve gelation. The 
bold pH is the original pH of the PA HEPES solutions (n=3).  
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Figure 40. Representative bright field images, showing the physical differences in the PA 
hydrogels. 
Images taken 48 hours after gelation, in culture conditions. ** showing a deep deformity in the 
hydrogel because they appear to be less dense than the hydrogel surrounding it. hiPSC clusters 
placed on the hydrogels, during culture the deformities may have adversely affected the retention 
of clusters on the hydrogels. Scale bar = 200mm. 

 

3.4.4 Optimisation E3 PA hydrogel 

Hydrogels formed using the E3 PA are typically created via the formation of interactions with 

proteins (Osuna de la Peña et al., 2021) or are alternatively triggered via the addition of 

bivalent cations (i.e., as CaCl2 or NaCl) (Zhang et al., 2010, Osuna de la Peña et al., 2021). 

For this project, the E3 hydrogels were required to fit the same specified requirements as the 

positively charged hydrogels (Figure 38).  

 

K4 

K2 K3 
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The E3 PA used from this point on was non-aligned, as aligning the E3 nanofibres added 

significant time to the process, preventing the hydrogel setting in an hour and therefore falling 

outside of the required specification. 

 

Formulations for the E3 hydrogel 

The previously established protocol (used in sections 3.4  and 3.4.2 ) was assessed against 

the specification in Figure 38. To completely cover the well and maintain a similar volume to 

the positively charged PA hydrogels, the protocol was scaled up to create a 105l hydrogel 

(Table 16). The scaled-up formulation was fully self-supporting within 25 minutes, however 

pipetting 5l of CaCl2 through 100l of E3 solution rarely produced an even distribution of 

CaCl2. It was very difficult to swirl the much smaller volume of CaCl2 through the E3, making 

sure to evenly distribute the CaCl2 from the bottom to the top of the well as demonstrated in 

Figure 41A. This uneven distribution of CaCl2 increased the possibility of inhomogeneity within 

the E3 solution, with regions not gelling completely, every time the hydrogel was made. 

Therefore, the ratio of PA:CaCl2 was altered, as seen in Table 16, this allowed for the 

disruption of CaCl2 disputed more throughout the PA solution.  

 

Formulation 1 achieved a self-supporting gel within 10 minutes, completely covered the well 

with a depression in the centre. However, while the distribution of CaCl2 into the PA solution 

was much more successful than the scaled-up formulation, it remained difficult to pipette the 

CaCl2 in the required, optimal, ‘swirl’ pattern. When the formulation 1 hydrogels were placed 

in routine culture conditions including medium (E8), the hydrogel deformed after three days 

(Figure 41). This suggested that, either the CaCl2 had not diffused sufficiently through the PA 

solution, or that the hydrogel was not robust enough to maintain its integrity when challenged 

by medium changes. In an attempt to counteract this, an additional formulation was tested 
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with an increased volume of CaCl2 may increase the hydrogel stiffness (Stendahl et al., 2006), 

the ratio changed from 9:1 to 4:1 in formulation 2 (Table 16).  

 

Formulation 2 achieved a self-supporting gel within 5 minutes and, importantly, the volume of 

CaCl2 could be swirled reliably throughout the entire E3 solution (Table 16). The hydrogels 

made using this formulation were able to meet all the required specifications (Figure 38), 

including maintaining a self-supporting hydrogel in culture conditions (Figure 41). Therefore, 

formulation 2 was selected for all further E3 hydrogels.  

 

The erosion of the formulation 1 hydrogels observed when exposed to cell culture, and the 

contrasting lack of erosion observed in the formulation 2 hydrogels suggested that the 

increased PA: Ca2+ ratio in formulation 2 resulted in stiffer hydrogels. However, the E3 gel and 

the positivity charged hydrogels were insufficiently robust to be tested using a standard plate 

rheometer, preventing an assessment of this. 

 

For all the formulations tested, any attempts to reverse the mode of addition, to pipette the E3 

solution into the much smaller volumes of CaCl2, resulted in the same fragmented hydrogels 

previously seen with the positivity charged PA hydrogels when K PA solution was added to 

the smaller PBS solution (Figure 39). Therefore, to create a hydrogel that meet the 

specifications, all the E3 hydrogels were made by adding the CaCl2 to the E3 solution in the 

96 well plate. Figure 42 provides an overview to the differing gelation methods for the K 

hydrogels and the E3 hydrogel.  
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Table 16.Optimisation of the formulation for the E3 hydrogels.  
All E3 solutions were 1%. N = 3. 

 

  

 

Mixture (ul) Ratio 
Time to 
gel (Mins) 
at 37C 

Observations 

 

E3 CaCl2   

(200mM) 

   

Standard protocol 10 0.5 20: 1 30 
• Small volumes allow for gelation of entire droplet 

over time 

Scaled up 100 5 20: 1 25 
• The small volume of CaCl2 makes it difficult to 

ensure equal distribution throughout the PA 
solution  

• Increased possibility of some of the PA solution 
not gelling  

Formulation 1  

(F1) 

90 10 9: 1 10 
• Increased volume of CaCl2 allows for better 

distribution of CaCl2 throughout the PA solution  

• Not enough CaCl2 to swirl from the base of well to 
the top 

• Often results in the hydrogel eroding in the centre 
after a few days in culture (see below) 

Formulation 2  

(F2) 

80 20 4: 1 5 
• Increase in CaCl2 volume allows for a complete 

swirl of CaCl2 to be pipetted throughout the PA 
solution (as shown below)  

• Self-supporting gel then stable over multiple days 
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A     B 

 

 

 

 

 

 

 

 

Figure 41. Optimisation of method for E3 hydrogels.  
A A diagrammatical representation, demonstrating the method used to make gels from E3 PA, for optimum production. The CaCl2 solution in green was 
pipetted into the E3 PA solution (blue) (PA in HEPES buffer), The CaCl2 is dispersed through the entire PA solution from the base of the well to the top. 
This makes sure that all of the CaCl2 was dispersed to facilitate the diffusion of CaCl2 into the E3 PA solution. Figure made in Biorender. B Representative 
images highlighting the erosion of the E3 hydrogels formulation 1 after three days of culture. Here, hydrogels were exposed to routine culture conditions 
(medium changes) without cells in 96 well plate with E8 medium. Formulation 1 (F1) was found to erode after three days of culture. Formulation 2 (F2) 
was found to be optimum as there was no erosion.  
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Figure 42. Graphical representation of the process to make the various hydrogels after 
optimisation. 
First the PA are weighed into an Eppendorf tube (gold), then adjusted to generate a 1% solution 
with the addition of HEPES buffer (yellow). For the K PAs this solution is added to a well and x10 
PBS (orange) is swirled through the PA solution (blue) to form a self-supporting hydrogel. The 
optimum formulation was a ratio PA:PBS 2.5:1. For the E3 PA, CaCl2 (green) is swirled through 
the E3 solution (light blue) thereby forming a self-supporting gelled hydrogel. The optimum 
formulation ratio was PA:CaCl2 4:1. Figure made in Biorender. 
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3.4.5 PA hydrogels their pH values 

The net charge of the different PAs was of vital importance as this is the physical characteristic 

that was hypothesised to be able to interact with and then capture secreted native ECM 

components. As mentioned at a range of pH values the K PAs (pH 1 – 9) had a net positive 

charge and the E3 PA had a negative charge (pH 5 – 14). At or around neutral both PAs will 

be charged. The pH has have a controlling effect upon the charge. The positive charge is a 

result of the amino groups on the K residues which are protonated. The negative charge is 

the result of the deprotonation of the E residues carboxyl group. Both are part of an 

equilibrium, while the charge is maintained there is still a constant rate of pronation and 

deprotonation. When the pH is altered the presence of protons (H+) is altered and the 

equilibrium is changed to compensate. For example, for the K PAs the more acidic the pH 

(increased protons) there is more protonation of the amino groups.  

 

As the various PA hydrogels were tested for their ability to withstand cell medium changes, it 

was noted that the phenol red indicator in the medium was highlighting different pH 

environments between the hydrogels. Phenol red transitions from yellow to a fuchsia colour 

over the pH range 6.8 to 8.2. Therefore, to assess pH of the different PA hydrogels when 

exposed to cell culture medium (a buffered environment), the hydrogels were imaged after 24 

hours of culture (in phenol red containing medium). As shown in Figure 43, there was an 

observable difference in pH between the set hydrogels, in addition to the expected difference 

seen in the PA solutions. This suggests that the addition of PBS has not completely neutralised 

the charge on the PAs in the K series gels. Subtle differences were observed between the 

positively charged K series PA hydrogels with the K4 hydrogel appearing most acidic followed 

by K3 and K2 (Figure 43).  

 



Peptide amphiphile scaffolds and human induced pluripotent stem cells 

Results 

© Sarah McGinlay 175 

To observe differences more clearly between the PAs, the preparations were scaled down to 

10l hydrogel droplets, to which 2% phenol red was added. As can be seen in Figure 43, the 

positively charged PAs, and particularly K3 and K4 remained acidic and after gelation.  

 

Clearly, phenol red can only report over a relatively limited pH range and is not an accurate 

measure, although it is appropriate for use in the cell culture settings used here. However, the 

differences observed suggest that while the E3 hydrogel appears to be close to pH7, the K 

series gels remain acidic.  

 

The overall aim of this work was to prepare a range of hydrogels providing differently charged 

environments allowing us to assess the ability of these to capture ECM components secreted 

by cells in culture. The data shown in Figure 43 demonstrated that the PA hydrogels present 

differing pHs which may be due to the increase in K residues and increased protonation. This 

could suggest that the PA hydrogels have charges and suggests that these PAs were 

appropriate hydrogels with which to test our hypothesis.   
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Figure 43. The K PAs showed a decreasing pH that was still present after gelation. 
A Observation of pH of gels after 24 hours of culture in medium containing phenol red. The change 
in colour (with no cells present) suggests that the K4 and K3 gels are more acidic (yellow) than the 
K2. B The PA solutions with the addition of 2% phenol red, showing that the K3 and K4 PA 
solutions are more acidic than K2 and that this is maintained after gelation. The E3 is alkaline 
(fuchsia) before gelation but appears neutral (red) once a gelled.  

 

3.4.6 Optimisation of cell cluster size 

Once optimisation of the formulations of the hydrogels was complete and there was sufficient 

evidence to show that the PA hydrogels should express a range of charges, the size of the 

hiPSC clusters was optimised. For these experiments, clusters were placed on top of the 

hydrogels instead of being encapsulated within them. As highlighted previously, the hiPSC 

clusters were held within the depression formed on the surface of the hydrogels in a 96 well 

plate. The hiPSC clusters are formed by the hanging droplet method where droplets of cell 

containing medium are placed on to a Petri dish lid that is inverted overnight. This method has 

been previously used to produce the clusters encapsulated by the E3 hydrogels (in sections 
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3.4 and 3.4.2 ) and in synthetic hydrogels including the FEFEFKFK octapeptide (Ashworth et 

al., 2020b). 

 

To assess the optimum size for the clusters, we used the FEFEFKFK hydrogel, which is 

neutrally charged when set. This hydrogel was selected as the handling properties of this gel 

were well established, they complied with the needed specifications set for the PA hydrogels 

and there were no COVID-related supply issues associated with the peptide used, unlike the 

PAs (Figure 38). The hiPSC clusters were made using a range of cell numbers within the 

droplets (750, 1000, 1500, 2000) of note, when previously encapsulated in the FEFEFKFK 

hydrogel the clusters were formed from 2000 cells (Ashworth et al., 2020b).  

 

The optimisation focused upon assessing if smaller clusters could be used due to concerns 

about the ability to retain larger clusters in 2D culture on PA hydrogels over several days.  This 

needed to be assessed against the benefits of smaller clusters as these are preferable for 

downstream processing e.g., for confocal imaging, which is technically more challenging with 

larger clusters, as the confocal Is unable to image the entirety of a cluster.  

 

The experimental design is outlined in Figure 44. The clusters were created on day -1 and the 

FEFEFKFK hydrogel was cast into the 96 well plate. On day 0 the clusters were placed on the 

hydrogels via manual pipetting, to maintain the number of clusters per well. Images were taken 

on day one to record the size of the clusters, dependent upon the starting cell number. Images 

were taken every day (before medium changes) for three days.  

 

 



Peptide amphiphile scaffolds and human induced pluripotent stem cells 

Results 

© Sarah McGinlay 178 

Specifications for hiPSC clusters 

For the size of cluster be considered optimal for use in larger scale experiments, the clusters 

needed to have met the specifications listed in Figure 44. First, all clusters needed to be 

formed with the expected appearance. Previous work as well as the appearance of the clusters 

in suspension culture (as seen in  

Figure 33B) suggests that clusters should be spherical with cells forming a tight colony with 

no clear cell:cell boundaries and cells with a high nucleus to cytoplasm ratio as seen in hiPSC 

colonies (Totonchi et al., 2010, rezaei larijani et al., 2011). Secondly, it was critical for future 

experiments that formation of the hiPSC clusters on the gels was uniform both in number and 

size. The third, was the clusters needed to be visible during handling, to allow collecting and 

placing upon the hydrogels. Similarly, the fourth requirement was that the clusters were not 

damaged by the repeated pipetting needed to place the clusters on top of the hydrogel and 

that this plating could be completed within an hour to maintain viability (Figure 44). The fifth 

requirement was that the hiPSC clusters needed to be retained over several days of culture, 

including throughout the required daily medium changes. As the focus of interest was the GAG 

or protein ECM components trapped by the hydrogel, the clusters needed time to secrete this 

material. Finally, as the clusters were to be cultured over several days, they must be able to 

at the very least maintain their initial size, or ideally to grow. This would indicate good viability 

(Figure 44).  
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A 

 

B 

 

Figure 44. The specifications for the optimisation of the cell clusters.  
A The requirements for the cell clusters, including technical and physical specifications. B A flow 
chart detailing the experimental set-up and data collection per day for a clearer understanding of 
the following figures. Day -1 was the production of the hiPSC clusters and FEFEFKFK hydrogel. 
Day 0 was the beginning of culture on the hydrogel. Culture was ended on day 3.  

 

  

Day -1

•Hanging droplets used to 
make cell clusters with a 
range of starting cell 
numbers

•Hydrogels cast in 96 well 
plate

Day 0

•Cell Clusters placed on 
hydrogels and images 
taken

Day 1 to Day 3 

•Cell clusters cultured on 
hydrogels and images 
taken

3. Clusters were visible during handling 

4. Clusters could be placed in position on 

top of hydrogel within an hour and not 

damaged 

5. Clusters need to be retained over 

several days of culture 

6. Clusters increase in cross sectional 

area over culture 

Specification for hiPSC Clusters 

1. Clusters must have been able to form 

(no individual cells, tightly packed 

spheroid shape and cells with high 

nucleus to cytoplasm ratio) 

2. Reliably made by hanging droplet 

method 
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Optimisation of cell number for hiPSC clusters used with PA hydrogels 

The hiPSC clusters created using lower starting numbers of cells (750, 1000) appeared to 

include some abnormal clusters that were not spherical, with individual cells apparent on the 

surface of the clusters (Table 17). While these abnormal clusters could be removed prior to 

assessing the clusters on the hydrogels, this process was time consuming, wasteful of 

resources and demonstrated a potential problem for longer term experiments. These 

abnormal clusters were rarely seen when larger numbers of cells (1500 and 2000) were used 

(Table 17). 

 

In addition, when using smaller starting cell numbers (750 and 1000), there were fewer 

clusters produced from the same number of hanging droplets. This was likely due to the 

reduced concentration of cells in the hanging droplets. Therefore, when staring with 750 and 

1000 cells per droplet, more time and effort was required to achieve the required number of 

clusters. Working with larger starting numbers of hiPSCs to generate clusters was 

considerably more efficient (Table 17). The larger starting cell numbers were therefore optimal 

for efficient and reliable cluster formation.  

 

As the number of hiPSCs used to create the clusters increased, it was easier to handle them, 

with clusters formed from more cells visible by eye during handling. Clusters made from 2000 

cells were the easiest to see. Clusters from fewer cells (750) were the hardest to see, 

increasing handling time. The handling difficulties additionally made it much harder to place 

the required number of clusters in the depression on the surface of the hydrogel. This meant 

that either there was a need to remove clusters carefully without damaging the hydrogel or 

times when medium was added without clusters. For ease of handling and plating the optimal 

cluster was made from cells at from 2000 cells per droplet.  
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Table 17. Comparison of the different size of cluster (starting cell number clusters during 
production and handling. 

Clusters 

starting cell 

number 

Observations during production and handling 

750 

• Abnormal clusters, not spherical with individual cells on surface 

• Fewer clusters formed per hanging droplets 

• Most difficult to see during handling 

• Difficult to place on the hydrogel, taking extended time  

1000 

• Abnormal clusters, not spherical with individual cells on surface 

• Fewer clusters formed per hanging droplets 

• Difficult to see during handling 

• Difficult to place upon the hydrogel 

1500 

• Clusters spherical and consistent in colour and appearance 

• Hanging droplets reliably made clusters 

• Visible during handling 

• Could be placed with ease upon the hydrogel 

2000 

• Clusters spherical and consistent in colour and appearance 

• Hanging droplets reliably made clusters 

•  Easily visible during handling 

• The easiest and the quickest to place upon the hydrogel 

 

Comparison of differently sized clusters during culture 

As a preliminary measure, the cross-sectional area (m2) was used as a simple measure of 

viability on the basis that a non-viable cluster would decrease in area whereas a viable cluster 

would maintain or increase cross-sectional area. The cross-sectional area was calculated from 
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measurements of cluster radius from a single bright field image. A Kruskal Wallis H test was 

used to analyse two effects: differences in cross-sectional area between clusters from different 

number of starting cells per droplet and then the difference over several days. As a mixed 

ANOVA could not be used (as mentioned previously (section 3.2.16 p133)), the two effects 

were analysed separately. To make this clear the same cross-sectional area data was 

displayed in two graphs in Figure 45. The median value for each starting value was selected 

is shown in Table 18. The identified outliers by SPSS were removed from the median 

calculations. The outliers were shown as dots or for the extreme outliers as stars in Figure 45.  

 

On day one there were significant differences between clusters formed from different starting 

cell numbers, demonstrating a positive correlation between number of cells used to generate 

the cluster and cross-sectional area (Figure 45) suggesting these tests were valid in assessing 

the specifications mentioned above (Figure 44). There are outliers, suggesting that the 

hanging drop method can produce clusters that are not uniform in size (Figure 45). From 

careful observation, it is likely that these outliers have resulted from droplets merging while 

the clusters were forming, as supported as thte outliers were the larger clusters outside of 

each group of starting cell numbers not smaller clusters (Figure 45). For this reason, the 

statistical analysis was completed on the data with the identified outliers removed. The outliers 

were thought to be due to the hanging droplet method, where droplets could merge (increasing 

in size).  

 

Starting with the smallest number of starting cells used to generate clusters (750 cells per 

droplet) a decreasing trend in cluster cross-sectional area was seen over days 0 - 3 suggesting 

a loss of cell adhesion and/or viability (Figure 45 and Table 18). Figure 15 displays the data 

as proportion of clusters retained under each condition. Viewing the data in this way 

demonstrates that, for all conditions, clusters were progressively lost over the course of the 
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experiment. This is likely due to detachment of clusters during daily medium change or, 

alternatively, to clusters disintegrating. In addition to the overall negative trend in cluster cross-

sectional area, the smallest clusters had the lowest retention on all days 1 and 2 till no clusters 

were found by day 3. The clusters of this size therefore do not meet the 

speciation/requirements listed in Figure 44.   

 

The cross-sectional area of clusters formed from 1000 cells per droplet was also found to 

significantly decrease between day 0 and day 1, but then stabilised to be similar to that on day 

0 at days 2 and 3 (Figure 45 and Table 18). This suggests that there was an initial loss of 

viability with some recovery, but not expansion. The retention of clusters formed from 1000 

cells on the gels was good (> 40% at day 1) but again quickly fell on day 2 and 3 (Figure 46). 

The decrease in cross-sectional area and low retention rate made this method unsuitable for 

larger scale experiments, particularly in light of the above-mentioned difficulties in handling. 

 

Similarly, clusters formed from 1500 cells per droplet also demonstrated an initial loss of 

viability as demonstrated by the significant decrease in size between day 0 and day 1 

(although it’s worth noting that there is considerable heterogeneity in the day 1 readings) 

(Figure 45). Interestingly, the clusters did increase in cross-sectional area by day 3 suggesting 

that these conditions may be suitable for the support of proliferation (Table 18). However, 

while clusters formed using 1500 cells per droplet were retained on the hydrogel very well 

(~80%) on day 1, by day 3, the percentage of retained clusters was low. The relatively good 

retention of clusters between day 0 and day 1 for clusters formed from 750, 1000 and 1500 

cells per droplet (and the positive trend across this series) could potentially be due to their 

smaller size (Table 18). The early benefit seen from higher retention was, however, not strong 

enough to overcome the apparent challenge for cell viability (Figure 45). Due to this and the 
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less-than-ideal handling conditions the 1500 cells per droplet condition was also not 

considered further.  

 

The largest clusters, formed from 2000 cells per droplet, were the most efficient to make and 

the easiest to handle and plate. This therefore met several of the specifications required for a 

suitable protocol (Table 17 and Figure 44). These clusters were significantly larger than the 

those generated from fewer cells (perhaps not surprisingly) and here, we observed no 

significant differences in cross-sectional area over days 0 - 3 (Figure 45). However, the median 

cross-sectional area did increase during culture (Table 18). Since there was no significant 

difference in area of cluster over the days studied, we propose that cell viability is maintained.  

 

Interestingly, using more cells (2000) per droplet clusters appeared to negatively impact 

retention at day 1, potentially because these larger clusters are more easily dislodged from or 

adhere more poorly to the gel surface. However, this appeared to stabilise between days 2-3, 

with a similar number of clusters at day 3 to that seen for clusters formed from 1500 

cells/droplet. Therefore, this condition was selected to make the clusters for culture on top of 

the hydrogels.  
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Table 18. The median cross-sectional area of the hiPSC clusters across all days of culture (m2).  
The only clusters that did not decrease in cross-sectional area was those made from 2000 cells 
per droplet. N = 3. 

 Cell Number per Droplet  

Day of Culture 750 1000 1500 2000 

0 1.34x104 1.83x104 2.77x104 3.78x104 

1 5.32x103 7.93x103 2.21x104 4.00x104 

2 5.79x103  1.62x104 2.23x104 4.94x104 

3 0.00 1.48x104  3.15x104 4.77x104 
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Figure 45. Optimisation of cell cluster size.  

A The cross-sectional area (m2) of clusters formed from hiPSCs (750, 1000, 1500 or 2000 cells 
per drop using the hanging drop method) was measured over 3 days on FEFEFKFK hydrogel. The 
different cell numbers per droplet produced clusters of increasing size. There was no statistical 
difference in size between 1500 and 2000 by day 3. Clusters made from 750 were not retained on 
the hydrogel. B The same data displayed to show the change in cross-sectional area per cell 
starting number per day. There area of the clusters reduced in all clusters bar those made from 
2000 cell per droplet. Both box and whisker plot show the median and quantile ranges. Outliers 
shown as dots, extreme outliers shown as stars. * = p<0.05 and ** = p<0.001. N = 3 with three 
replicates per repeat.  



Peptide amphiphile scaffolds and human induced pluripotent stem cells 

Results 

© Sarah McGinlay 187 

A 

B 

 

Figure 46. The retained cultures across all cultured day.  
A The percentage, normalised to day 0 with standard errors, of cell clusters remaining on the 
FEFEFKFK hydrogel over the 3 days. Clusters made from 750 or 1000 cells per droplet were 
retained the worst. Despite an initial high retention on day 1, the retention of both 1500 and 2000 
cells per droplet clusters was the same. B A table showing the number of clusters imaged and 
counted for the retention graph and measured for Figure 45 area calculation, n = 3. 

  

 Number of clusters imaged 

Day 750 1000 1500 2000 

0 156 123 158 157 

1 42 56 101 60 

2 9 20 55 35 

3 0 12 30 31 
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3.4.7 Observations of the clusters cultured upon differently charged hydrogels 

To compare the effects of differently charged hydrogels on the hiPSC clusters, all of the PA 

hydrogel formulations, as previously optimised were cast within wells of 96 well plate. As 

controls for the PA gels, we also included the FEFEFKFK peptide gels (assumed to be neutral 

at pH 7) and the current ‘gold standard’ in vitro hydrogel, Matrigel. The inclusion of Matrigel 

allows us to demonstrate impact of the presence of ECM components whereas the simple 

octapeptide FEFEFKFK hydrogel was theorised non-specifically trap matrix components 

secreted by the cells. Figure 47 shows the experimental set-up per day, for clarity when the 

data was separated by day. The day 0 images show the clusters prior to any impact from the 

hydrogels and show the initial morphology of the clusters.  

 

Figure 47. Flow chart detailing the experimental set-up.  
As with the optimisation of hiPSC cluster size protocol, day -1 was the production of clusters and 
hydrogels, day 0 was the start of culture and day 4 the end of culture.  

 

 

Day -1

•Hanging droplets used to 
make cell clusters (2000 
cells per droplet)

•PA, FEFEFKFK and 
Matrigel Hydrogels cast in 
96 well plate and covered 
in medium

Day 0

•Cell Clusters placed on 
hydrogels and images 
taken

Day 1 - 4

•Cell clusters cultured on 
hydrogels and images 
taken daily
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Figure 48. Observed impact of culture on hiPSC clusters grown on hydrogels.  
The hydrogels supported survival of hiPSC clusters in all conditions. All clusters met specifications. The Matrigel, K4 and K3 clusters were seen to 
proliferate the most. The same cluster is imaged over all culture days except for K2 where * denotes the image of different cell cluster than previous 

images. Bright field images taken at x20 magification. Scale bar 200m.  
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Observations of the hiPSC clusters on all hydrogels 

All the hydrogels were able to support viable clusters over 4 days in pluripotency maintaining 

medium (E8) (Figure 48) The clusters were all well-defined with a smooth appearance (no 

single cells were visible separate from the clusters). Figure 48, showed the morphology of 

clusters on the hydrogels over 4 days in maintenance medium, the images were of one cluster 

over the culture days except for the PA K2 hydrogel where there it was not possible to locate 

the same cluster. This was due to the inability of the clusters to be retained upon the K2 

hydrogel (discussed in further detail below). For all hydrogels the hiPSC clusters appeared to 

proliferate, as they increased in size (Figure 48). The clusters were viable on all the hydrogels 

including the PA hydrogels assumed to express a charge (see section 3.4.5 , page 173). 

Interestingly, this confirms that the PA E3 was toxic to the cells when in solution (also shown 

in section 3.4 , page 142) but is tolerated when presented to the cells as a pre-cast gel.  

 

One major difference between the PA hydrogels, FEFEFKFK hydrogel and Matrigel was that 

the clusters remained separate on the Matrigel, whereas the clusters on the PA hydrogels and 

FEFEFKFK hydrogel were able to merge shown in Figure 49. There could be several reasons 

for the difference, but it is likely that, as Matrigel is comprised from ECM components, the 

clusters would be immediately exposed to these and would have the opportunity to interact 

with them from day 0. This may make it harder for the cell-to-cell interactions needed for the 

clusters to merge. However, this was not investigated further due to lack of time.  
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Figure 49. Observation of hiPSC clusters merging.  
Examples of cell clusters merging in several of the hydrogels, images from day 4 except for K3 
which was from day 2. There was no image for from K2 hydrogel due to the limited retention of the 

clusters (Figure 52). Scale bars 200m. Bright field images taken at x20 magification. 

 

Changes in hiPSC clusters on charged hydrogels analysed by time and hydrogel 

To analyse the viability of the clusters on the hydrogels, their cross-sectional area was 

measured. For clarity, the data shown in Figure 50 displays the behaviour of clusters on each 

hydrogel over several days and Figure 51 then displays the same data but here looking at the 

K3 K4 

FEFEFKFK E3 

MATRIGEL 
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differences between the clusters cultured on different hydrogels at each day stage. To 

compare the cross-sectional area between the differently charged hydrogels, there needed to 

be an understanding of any difference in size due to the hanging drop process of cluster 

formation. This is a particular concern as, due to supply chain shortages and other practical 

limitations, it was not possible to always carry out the tests on the same batch of hiPSC 

clusters. I was able to carry out one repeat with all conditions, but the other repeats were 

carried out only on sub-sets of the hydrogels. Indeed, the complete experiment itself may have 

added to these significant differences between the area of the clusters, as it took a 

considerable time (2+ hours) to plate the hanging drops for all the hydrogels which may have 

impacted on viability. On day 0 there was no significant difference in cross-sectional area 

between clusters on K2, K3 and K4 gels, therefore their cluster sizes can be a compared 

without concern. However, there were significant differences between cluster sizes on several 

hydrogels (Figure 51 and Table 19). Unfortunately, time pressures and severe limits on 

available materials prevented additional repeats.  

 

Table 19. The significant differences found between cluster cross-sectional areas on day 0.  
The significant differences are present in Figure 51 and are highlighted here for clarity. These 
differences in area were due to the inability to culture clusters on all hydrogels simultaneously and 
a lack of repeats.  

Hydrogel Significantly different from hydrogel in left column 

K2 E3 FEFEFKFK Matrigel 

K3 E3 FEFEFKFK Matrigel 

K4 E3 Matrigel  

E3 FEFEFKFK   
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In addition to the assessment of cross-sectional area, Figure 52 showed that there was a 

difference in the ability of the clusters to be retained during culture between the different 

hydrogels. The percentage of clusters remaining each day after medium change for each 

hydrogel. Each percentage was calculated by comparing the number of clusters per day 

against day 0. The area and retention data were collated from several batches of hiPSC 

clusters upon subsets of the hydrogels, as such there is variation in the number of repeats per 

hydrogel. Due to limited product, there were only two repeats upon the E3 and Matrigel 

hydrogels. For the K2 and FEFEFKFK hydrogels there were fewer repeats due to infection.  

 

Table 20. The median cross-sectional areas (m2) for the hiPSC clusters on all hydrogels for 4 
days of culture.  
Matrigel and K4 produced the clusters that proliferated the most. The number of repeats varied; 
K2 n = 3 (day 0 - day 3) and n = 1 (day 4), K3 and K4 n = 4 (day 0 – day 3) and n = 2 (day 4), 
FEFEFKFK n = 3 (day 0 - day 3) and n = 1 (day 4), E3 and Matrigel n = 2. The $$ denotes there 
was only a n = 1 and a large number of cell clusters were not retained. 

 

Day 0 Day 1 Day 2 Day 3 Day 4 

K2 3.45x104  2.92x104 3.26x104 5.78x104 1.78x105 $$ 

K3 3.19x104 3.15x104 5.96x104 9.45x104 1.16x105 

K4 3.50x104 4.11x104 7.62x104 1.17x105 1.59x105 

FEFEFKFK 4.05x104 5.62x104 8.15x104 8.35x104 1.29x105 $$ 

E3 4.48x104 4.74x104 6.67x104 7.23x104 9.47x104 

MATRIGEL 4.09x104 6.09x104 1.22x105 1.92x105 2.77x105 
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Figure 50. The difference in cross-sectional area per hydrogel.  

Box and whisker plots showing the cross-sectional area of cell clusters (m2) by hydrogel over all days. The clusters on Matrigel and K4 hydrogels 
proliferated consistently over all culture days. The clusters upon K3, FEFEFKFK and E3 proliferated over the time in culture. Only K2 was found to have 
no significant change in area size. The statistics were completed by MANOVA using SPSS Statistics * p<0.05 **P<0.001. The number of repeats varied; 
K2 n = 3 (day 0 - day 3) and n=1 (day 4), K3 and K4 n=4 (day 0 – day 3) and n=2 (day 4), FEFEFKFK n=3 (day 0 - day 3) and n=1 (day 4), E3 and 
Matrigel n = 2. Three replicated were present per contition and all clusters (5 - 7 per replicate on day 0) were imaged and measured per day. Outliers 
shown as dots, extreme outliers shown as stars. The same data is shown in Figure 51.   
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Figure 51. The difference in cross-sectional area per day.  

Box and whisker plots showing the data per day to highlight the differences in cross-sectional area (m2) between the hydrogels. There were differences 
in area between clusters when placed upon the hydrogel on day 0. The clusters on Material proliferated (as shown by the increase in area) more than 
those on the other hydrogels. For the K hydrogels the proliferation. Increased as the charge increased, with the most proliferation from clusters on the 
K4 hydrogel. The area of the clusters on K3, FEFEFKFK and E3 hydrogels were not significantly different by the end of culture. Statistics completed by 
MANOVA using SPSS Statistics * p<0.05 **P<0.001. The number of repeats varied; K2 n = 3 (day 0 – day 3) and n=1 (day 4), K3 and K4 n=4 (day 0 – 
day 3) and n=2 (day 4), FEFEFKFK n=3 (day 0 – day 3) and n=1 (day 4), E3 and Matrigel n = 2The number of repeats varied; K2 n = 3 (day 0 – day 3) 
and n=1 (day 4), K3 and K4 n=4 (day 0 – day 3) and n=2 (day 4), FEFEFKFK n=3 (day 0 – day 3) and n=1 (day 4), E3 and Matrigel n = 2. Three 
replicated were present per contition and all clusters (5 - 7 per replicate on day 0) were imaged and measured per day. The same data is shown in 
Figure 50. Outliers shown as dots, extreme outliers shown as stars.  
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A 

B 

Figure 52. The percentage loss of cell clusters over the culture time.  
A The percentage loss is calculated by dividing the number of imaged clusters per day and 
hydrogel by the number of clusters imaged on day 0. Matrigel and E3 retained the clusters the 
best. K2 and FEFEFKFK retained the clusters the worst. Standard errors shown. B The number 
of clusters imaged per day and hydrogel. The number of repeats varied; K2 n = 3 (day 0 - day 3) 
and n=1 (day 4), K3 and K4 n=4 (day 0 – day 3) and n=2 (day 4), FEFEFKFK n=3 (day 0 - day 3) 
and n=1 (day 4), E3 and Matrigel n = 2.  

 

Day K2 K3 K4 FEFEFKFK E3 MATRIGEL 

0 44 98 124 118 66 66 

1 34 95 116 61 59 61 

2 22 75 93 48 54 61 

3 16 78 80 35 53 61 

4 7 50 48 18 52 61 
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The median cross-sectional area of clusters on the K2 hydrogel initially lagged but then 

increased on day 3 and 4 (Figure 50 and Table 20). However, the considerable heterogeneity 

in area of clusters at later day stages meant that, despite this trend, there was no significant 

difference between days. This highlights a key issue as the area for the K2 clusters on day 4 

was calculated from one batch of clusters due to the lack of delays in PA production, and as 

many of the clusters were dislodged from the gel over each day, with only 16% of the day 0 

clusters left by day 4 there were few data points (Figure 52). The poor retention may highlight 

the detrimental effect of the deformities present in K2 hydrogel (see section 3.4.3 , page 159). 

More repeats would be needed to obtain reliable data, although the loss of clusters does 

suggest this is not an optimal growth environment. In summary, the K2 hydrogel was able to 

maintain viable clusters over 4 days with a suggestion that, despite loss of the clusters, 

possibly due to a lack of adhesion, clusters which did attach could proliferate.  

 

A similar trend was seen for the K3 and K4 hydrogels (Table 20). Here, the K3 hydrogels, the 

cross-sectional area showed a significant increase from day 1 to day 2 and day 2 to 3, as well 

as a significant increase from day 0 to day 4 (Figure 50). There was improved retention of the 

clusters on the K3 gel (~ 50% of clusters remaining at day 4) compared to K2. Therefore, the 

clusters on the K3 hydrogel were able to both maintain cluster adhesion and proliferate and 

increase in size.  

 

For the K4 gels, there was a significant increase in cross-sectional area between day 0 and 

day 4 (Figure 50 and Table 20). Adhesion of clusters to the K4 hydrogel was not as good as 

for the K3 gels (< 40 % of clusters still attached at day 4) but better than for K2. As the K2 

hydrogel is the least charged of the positive hydrogels and K4 the most charged. As K4 has 

larger clusters this may have a factor in the strength of a cluster to adhere to the hydrogel. 
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The clusters cultured on the K2 hydrogels were significantly smaller in cross-sectional area 

than the clusters on K4 hydrogels and smaller than K3 clusters on all days with more than one 

repeat (Figure 51). A comparison of the median values for the cross-sectional areas showed 

that the K3 clusters were consistently smaller than the K4 values (Table 20). Therefore, for 

the K PAs hydrogels clusters proliferated the least upon the K2 hydrogel, then the K3 clusters, 

and the most proliferation was seen on the K4. This was in line with the hydrogels’ increase 

in charge. There was no difference in cluster area on day 0, therefore this conclusion was no 

influenced by the production of the clusters (Table 19). Taken together, this may indicate that 

the increase in charge increases the ability of the gel to support hiPSC cluster proliferation. 

 

In the current experiment, there was rapid loss of clusters from The FEFEFKFK (neutral)’ 

hydrogel (<20% of clusters remaining by day 4), The FEFEFKFK hydrogel day 4 also only has 

one batch repeat due to the lack of retention, as other repeats did not have any clusters 

remaining. As the neutral hydrogel and the weakest positively charged hydrogel were the least 

able to retain clusters there may be a role for increased charge in retention of hiPSC clusters. 

There was, however, a significant increase in cross-sectional area of clusters on the 

FEFEFKFK hydrogel between each day (except between day 2 and 3), and as well as a 

significant increase from day 0 to day 4 (Figure 50 and Table 20). Therefore, the clusters on 

the neutral hydrogel do appear to be able to proliferate. It could be that either the charge is 

less important than the lack of proliferation by clusters on K2 (compared to K3 and K4) would 

suggest, or that there are different physical characteristics that differ between the PA 

hydrogels and the FEFEFKFK hydrogel that allowed for proliferation. 
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The clusters upon K2 and K3 hydrogels were significantly smaller in cross-sectional area than 

the neutrally charged FEFEFKFK hydrogel (Figure 51). As the FEFEFKFK clusters were 

significantly bigger on day 0, that may be a reason for the larger size (Figure 51 and Table 

20). Therefore, the K3 clusters may be proliferating more but they take more time to “catch 

up” to the size of the clusters on FEFEFKFK hydrogel, as they started larger. The cross-

sectional area of clusters cultured upon the K4 hydrogel’ was not significantly different to those 

cultured on the FEFEFKFK hydrogel (Figure 51). It could be that either the charge is less 

important than the lack of proliferation by clusters on K2 (compared to K3 and K4) would 

suggest, or that there are different physical characteristics that differ between the PA 

hydrogels and the FEFEFKFK hydrogel that allowed for proliferation. 

 

hiPSC clusters cultured on the negatively charged hydrogel E3 demonstrated an increasing 

median cross-sectional area, with a significant increase in area between day 3 and day 4 and 

an overall significant increase from day 0 to day 4 (Table 20 and Figure 50). Retention of 

clusters on the gels was also excellent, with ~80% remaining by day 4. The clusters were able 

to be maintained and they appear to have proliferated. However, due to time pressures, only 

two repeats of this experiment were carried out and it is clear that the suggested proliferation 

would have to be validated (or refuted) by additional work.  

 

E3 clusters proliferated more than the clusters on K2 hydrogels (Figure 51 and Table 20). 

There was no visible trend that the E3 clusters differed in area compared to the K3 (Table 20 

and Figure 51). The larger cross-sectional area of the E3 clusters may be a remainder from 

being significantly larger on day 0. Due to lack of further data, it was hard to conclude that 

there was a distinct difference between the clusters cultured on K3 and E3 hydrogels, despite 

their differing charges.  
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The K4 clusters were significantly larger than the E3 clusters on day 3 and the median cross-

section areas were consistently larger (Figure 51 and Table 20). The data therefore suggests 

that the K4 clusters had a similar distribution of cross-sectional areas over the culture days, 

but they may have been larger than the E3 clusters. The E3 hydrogel produced clusters than 

proliferated more than the clusters on K2, close to K3 and less than K4 hydrogels.  

 

The E3 hydrogel clusters start significantly smaller than FEFEFKFK clusters on day 0 but are 

not significantly different on the remaining days (Figure 51). The E3 median cross-sectional 

areas are constantly lower than the FEFEFKFK clusters, suggesting similar or slightly less 

proliferation than the FEFEFKFK clusters (Table 20).  

 

Finally, the hiPSC clusters cultured on Matrigel demonstrated significantly increased cross-

sectional area every day, as expected. This likely demonstrates an increased ability to 

proliferate (Figure 51 and Table 20). Retention of clusters was also by far the best of the 

conditions tested at ~90% by day 4. The increase in the cross-sectional area was dramatic 

and the cross-sectional area was significantly larger than all other hydrogels, including the 

FEFEFKFK, and E3 clusters, which were larger on day 0 (Figure 51 and Table 19). As such 

the increase in Matrigel clusters was not due to the size of clusters on day 0. The increase in 

size was therefore likely due to the supportive environment provided by the Matrigel, 

suggesting a role for increased ECM components in the increased proliferation of hiPSC 

clusters.  

 

To summarise, the cross-sectional area is used here as a proxy for a measure of hiPSC 

proliferation and, as expected the Matrigel hydrogel provided the optimal proliferative 

environment. The K PA hydrogels showed a trend, with the least charged showing the least 
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amount of proliferation and the hydrogel with the highest positive charge, K4, showed the most 

proliferation. This may indicate that proliferation can be controlled through alteration in 

hydrogel positive charges.  

 

The clusters on the E3 hydrogel (expected to be negatively charged) had a similar cross-

sectional area and proliferation as the clusters on the K3 hydrogel despite the opposite charge. 

The neutral hydrogel FEFEFKFK had clusters that may be smaller than K3 and K4 by the end 

of the culture but were larger than the E3 clusters. This may suggest that the strength of the 

charge was more important for proliferation control that the type of charge (positive or 

negative). This demonstrated that there was an ability to control proliferation of hiPSC cluster 

through the control of hydrogel charge. The immunostaining below will attempt to illuminate 

the possible basis of this, by assessing if there was a difference in the GAGs sequestered. 

 

There was a similar trend in the ability of the clusters to be maintained upon the hydrogels, 

Matrigel was the optimum again. There was a reduction in retention when the charge of the K 

PA hydrogel was at its lowest (K2), which was found to be similar to the neutrally charged 

FEFEFKFK hydrogel. The increasing positive charge altered the ability of the clusters to be 

retained. The E3 hydrogel provided the second-best retention ability. This indicates that the 

difference in type of charge (positive or negative) could select for differing properties either 

attachment or proliferation ability. This difference could be the result of differing GAGs or ECM 

proteins sequestered dependent upon charge.  
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Figure 53. A summary of the cross-sectional area and retention data.   
The clusters upon a range of differently charged hydrogels can display different behaviours. The 
clusters on Matrigel displayed the most proliferation (cross-sectional area) and attachment 
(through retention of clusters). The increased strength of positive charge increased both 
proliferation and attachment. The clusters attachment behaviour was changed through the type of 
charge.  

 

3.4.8 Observed differences in cells escaping from the clusters between hydrogels.  

To validate our approach, using cross-sectional area as a proxy for cell viability and 

proliferation, we additionally completed a live dead stain. Figure 54 showed that the clusters 

were viable on day 4 or day 3 (K2 only) which reinforces the images and cross-sectional area 

(Figure 48 and Figure 50). This was only performed once due to limitations on materials. 

Matrigel produced the most compact clusters where there were almost no cells “escaping” the 

cluster (single cells no longer within the clusters but migrating upon the hydrogel surface). 

However, several of the clusters on other hydrogels were surround by escaping cells (Figure 

54). These plumes of escaping cells were seen in bright field images shown in Figure 55.  
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The viability of the cells escaping the cluster and their distance from the cluster.  

The clusters on hydrogel K2 (enlarged images in Figure 55) showed that there were plumes 

of cells surrounding the main clusters, but that the cells were small and dead cells (Figure 54). 

To quantify the number of cells in these plumes, for each cluster three measurements were 

taken from the cluster to the edge of a plume equidistant around the cluster. 

 

Table 21. The median values for the furthest cell distance from the cluster (m).  
The clusters on material and K4 had the least cells outside the clusters. K2, FEFEFKFK and E3 
had cells the furthest from the clusters. The $$ denotes there was only a n = 1 and many cell 
clusters were not retained. The number of repeats varied; K2 n = 3 (day 0 - day 3) and n = 1 (day 
4), K3 and K4 n = 4 (day 0 – day 3) and n = 2 (day 4), FEFEFKFK n = 3 (day 0 - day 3) and n = 1 
(day 4), E3 and Matrigel n = 2. 

 Day 1 Day 2 Day 3 Day 4 

K2 53.33 67.206 63.28 73.05$$ 

K3 52.15 43.133 41.04 30.90 

K4 20.54 21.87 25.35 26.82 

FEFEFKFK 44.82 53.37 46.21 42.69$$ 

E3 72.09 53.07 32.25 66.78 

MATRIGEL 0 0 0 0 
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Figure 54. Live/dead staining of all the clusters on hydrogels.  
Calcian AM and ethidium Homodimer stained clusters. The clusters upon Matrigel and K4 had the lowest presence of dead cells. The cells that had 
escaped the clusters on the other hydrogels were a mixture of live and dead cells. No clusters were seen to be dead on any hydrogel, as such images 

were selected for the best view of the escaping cells. K2 is imaged on day 3 and the remaining imaged on day 4. N = 1, Scale bar = 100m. * dead cells 
and ** live cells. 
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Figure 55. Observations of the cells extending from the surface of the cluster.  
Bright field images showing the morphology of the cells surrounding the cell cluster day 4. * May be dead cells and ** cells that may be alive, they are 
larger and more defined. There is a mixture of both live and dead cells surrounding the cell clusters. K2, K3 and FEFEFKFK hydrogels had escaping 
cells that looked to be predominantly dead cells. E3 showed predominantly live cells but a great number of cells had escaped the clusters. K4 hydrogels 
showed clusters the most similar to Matrigel, with few cells escaping. The number of repeats varied; K2 n = 3 (day 0 - day 3) and n = 1 (day 4), K3 and 
K4 n = 4 (day 0 – day 3) and n = 2 (day 4), FEFEFKFK n = 3 (day 0 - day 3) and n = 1 (day 4), E3 and Matrigel n = 2. Three replicated were present per 

contition and all clusters (6-8 per replicate) were imaged and measured per day. Scale bar 500m. 
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Figure 56. The distance of cells surrounding the clusters per day.  

Box and whisker plots showing the difference in the distance (m) of cells extending from the cluster per day. The cells on Matrigel rarely left the clusters. 
The distances of cells escaping the clusters on K4 and FEFEKFK varied slightly. The distance on the E3 hydrogel varied a great deal whereas the 
distance on the K2 hydrogel remained constituent. There was a reduction on the distance on the K£ hydrogel.  Statistics completed MANOVA using 
SPSS Statistics * p<0.05 **P<0.001.  The number of repeats varied; K2 n = 3 (day 0 – day 3) and n = 1 (day 4), K3 and K4 n = 4 (day 0 – day 3) and n 
= 2 (day 4), FEFEFKFK n = 3 (day 0 – day 3) and n = 1 (day 4), E3 and Matrigel n = 2. Three replicated were present per contition and all clusters (6-8 
per replicate) were imaged and measured per day. Outliers shown as dots, extreme outliers shown as stars. The same data as Figure 57. 
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Figure 57. The distance of cells surrounding the clusters per hydrogel.  

Box and whisker plots showing the difference in the distance (m) of cells extending from the cluster per hydrogel. The Matrigel had the lowest distance 
of cells from the clusters. K4 had was the most similar to Matrigel. There was a decrease in distance of cells from the cluster as the charge increased 
of the K hydrogels (K2 to K4). Overall, the K2, FEFEFKFK and E3 hydrogels showed similar distances. Statistics completed by MANOVA using SPSS 
Statistics * p<0.05 **P<0.001. The number of repeats varied; K2 n = 3 (day 0 - day 3) and n = 1 (day 4), K3 and K4 n = 4 (day 0 – day 3) and n = 2 (day 
4), FEFEFKFK n = 3 (day 0 - day 3) and n = 1 (day 4), E3 and Matrigel n = 2. Three replicated were present per contition and all clusters (6-8 per 
replicate) were imaged and measured per day. Outliers shown as dots, extreme outliers shown as stars. The same data as Figure 56. 
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There was no significant change in the distance from the cluster to the edge of the plumes of 

escaping cells, over day 0 - 4 for the clusters on K2 hydrogels (Figure 56). The large interquel 

ranges suggest that the plumes around the cluster were not of equal size (Figure 56). The 

data from K2 clusters on day 4 was compiled from one experiment only and would need 

repeating to be valid. The clusters on the K2 hydrogel had the largest median spread of all 

hydrogels and this was significantly larger than the clusters on the K4 hydrogels (Table 21 

and Figure 57). The distance travelled by the individual cells on the K2 hydrogels were 

significantly larger than those on K3 hydrogels until day 1, though the median size of K2 

distance was larger than K3 over all days (Table 21 and Figure 57). The hiPSC clusters on 

K2 produced the largest distance of cell plumes compared to the other positively charged 

hydrogels, and these cells were mainly dead (Figure 57 and Figure 54). 

 

The distance between cluster and the edge of a plume of cells on the K3 hydrogel decreased 

over the experiment (Figure 56) as the clusters get bigger (Figure 50). These plumes of cells 

were mainly dead cells as shown in Figure 54. This could be reinforced by the enlarged images 

in Figure 55 as the cells surrounding the cluster are dark and flat as seen on the K2 hydrogel 

where the cells are dead (Figure 54) Therefore, less cells move away from the cluster and die 

as the culture proceeds. The cells reached a greater distance from the cluster than K4, 

although the difference was not significant by day 4 (Table 21 and Figure 56). The cells 

surrounding the clusters on the K4 hydrogel appeared to be a mix of both live and dead cells 

(Figure 54). In the enlarged image the cells thought to be live were more spherical and raised 

(Figure 55). This differs from the other positively charged hydrogels. In addition, the clusters 

on K4 had a much shorter distance between the clusters and the edge of the “escaped” cells, 

than K2 and K3 (Figure 57). The data also showed a reduction in the interquartile ranges 

compared to the K2 and K3 data, suggesting that the plumes stretched out from the cluster 

surface were more uniform in addition to being smaller (Figure 56). There does appear to be 



Peptide amphiphile scaffolds and human induced pluripotent stem cells 

Results 

© Sarah McGinlay 209 

a trend in the positively charged hydrogels where increasing positive charge (K2<K3<K4) is 

associated with increased retention of hiPSCs in the cluster.  

 

The distance between cluster and plume edge on neutrally charged hydrogel FEFEFKFK 

decreased over time (Figure 56), perhaps due to the increased size of the clusters (Figure 

50). The cells surrounding the clusters on the FEFEFKFK cluster were both live and dead 

(Figure 54). The distance between the clusters and the edge of the escaping cells was similar 

to K2 and not significantly different from K3 (Table 21 and Figure 57). The distance was larger 

than the distance measured on the K4 hydrogels as shown in Figure 57.  

 

When the distance between the E3 clusters and the edge of cells that had plumed out was 

measured it decreased from day 1 until day 3, when there was a sudden increase on day 4 

(Figure 56). The cells on surface were a mix of live and dead cells (Figure 54 and Figure 55). 

The distance measured on the E3 hydrogel in Figure 56 showed large interquartile ranges 

across all days of culture, thereby suggesting that the plumes of cells were not constant and 

equal around the cluster. The median distances on the E3 hydrogel were similar to those of 

K2 and FEFEFKFK (Table 21) and except for day 3, was found to be significantly different to 

the distance on K4 (Figure 57). The extreme reduction in distance on day 3, may have been 

a true value but there is also a chance it is due to medium changes removing the cells 

surrounding the cluster.  

 

The clusters grown on Matrigel had no cells extending from their surface and this data was 

therefore significantly different from all other hydrogels used (Figure 56 and Figure 57). The 

increased ECM components that were present in the Matrigel have provided an environment 
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that encouraged hiPSCs to remain within clusters during culture. The next hydrogel with 

smallest extensions of cells was K4 (Figure 57).  

 

To conclude, the cells surrounding the K2 and K3 hydrogels were mostly dead, whereas in 

the other hydrogels there was a mix of live and dead cells. The reduction of dead cells upon 

the K4 hydrogel when compared to K2 and K3 clusters, despite the assumed increase in 

charge may have been simply due to the reduced presence of cells leaving the clusters. The 

cells escaping from clusters on the E3 hydrogel are believed to be more live than dead, though 

the live/dead staining (with n = 1) would need to be repeated to validate this. The cells may 

remain viable when upon the E3 hydrogel unlike those encapsulated in E3 as the clusters 

were placed upon set hydrogels not the more cytotoxic E3 solution.  

 

The cells upon the K2, FEFEFKFK and E3 hydrogels had the largest distance of cells from 

the cluster. K4 had the shortest distance of all the PA hydrogels and was most similar to 

Matrigel, which may suggest an increase in ECM components in the K4 hydrogel that 

maintained the cells within the clusters. The higher distances of the escaped cells upon the 

K2 and FEFEFKFK could indicate a reduction in GAGs or ECM proteins, required to keep the 

cells within the clusters. To assess this, preliminary immunostaining for GAGs was completed. 

The migration of escaping cells upon the E3 hydrogels could be the result of reduced 

sequestration of proteins or due to a potential difference in sequestered proteins. It was also 

possible that other factors may be at the cause of these observations; including the stiffness 

of the hydrogel, and these were not able to be be assessed.  
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3.4.9 Identification of ECM components secreted by hiPSCs cultured on hydrogels 

Preliminary immunostaining was completed to test the hypothesis that the different charges 

expressed on the hydrogels were able to capture different ECM components or to do so with 

differing efficiency. These changes in native ECM detection could then considered when 

reviewing the differences in size, retention, and cell extension from the clusters. The 

immunostaining was preliminary, as due to several factors there were very few repeats 

completed. In addition, these preliminary samples were challenging to image due the large 

size of the clusters when using the confocal microscope. When imaged, not every plane of the 

cluster could be captured, which resulted in the images having a darker centre. To counteract 

this, plans were made to section, paraffin embed and then section the hydrogels.  

 

Due to the practical limitations discussed above, it was impossible to include many of the 

required control images. It was ensured that the antibodies used had been tested by other lab 

members and had been found to be specific, but these experiments would need to be repeated 

in my specific settings before publication. While the FEFEFKFK hydrogel was stained, clusters 

were rapidly lost from the hydrogel during processing (seen by eye and in agreement with the 

lack of adhesion noted earlier (Figure 52)) meaning that there were no clusters remaining after 

the immunostaining. A similar lack of retention also meant there was only one cluster on the 

K2 hydrogel to be stained and successfully imaged. This reinforced the need for paraffin 

embedding and sectioning. The images were created from a maximum intensity image across 

z-stacks.  

 

The preliminary immunostaining aimed to assess the presence of HA (hyaluronic acid) and 

CS (chondroitin sulfate), both GAG components found in the ECM (sections 1.3 and 3.1 intro). 

HA binding protein detected HA in the clusters cultured on K3 and K4 hydrogels (Figure 58). 
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The staining is weak, whether due to limited HA or abnormal immunostaining was unknown, 

as it was not present in all repeats. There was no evidence that there was a difference in the 

amount of HA in either K3 or K4 (Figure 58).  

 

CS is present on the more positively charged hydrogels K3 and K4 but not K2 (Figure 58). CS 

showed two distinct distribution patterns (Figure 58 and Figure 59). The K3 clusters retained 

CS on individual cells on the surface of the cluster but does not present on every cell. The 

clusters cultured on K4 showed an increased amount of CS compared to K3 (Figure 58 and 

Figure 59). CS was observed on single cells (Figure 58, shown by *) but was also found in 

plumes extending from the cluster (Figure 59). This data suggests that there was trend along 

the K hydrogels, where an increase in charge resulted in an increase in retention of the CS 

GAG present around the cluster. However, the lack of CS in the K2 hydrogel may be due to 

abnormal data or the limited sample size (n=1).  

 

The data shown in Figure 58 and Figure 59 provides preliminary evidence that the charged 

PA hydrogels were able to capture and maintain at least one GAG, and that this may be charge 

strength specific. The increase in CS demonstrated the principle. More immunostaining would 

be needed to get a full picture of the retention of GAGs and other ECM components that could 

be affected by charged hydrogels. K4 was the most positively charged gel tested (Figure 51), 

the second most proliferative and demonstrated lowest extension of cells from the cluster 

(Figure 57) it was therefore the most similar to Matrigel cultured clusters. The increased 

retention of CS, another GAGs or protein could be responsible for the behaviour of the K4 

clusters.  
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A       C 

B       D 

Figure 58. Representative images of Chondroitin Sulphate and HA binding protein immunostaining 
on day 4.  
The ECM protiens HA and CS were identified within clusters on K PA hydrogels. A Control 
immunostaining without primary antibody, showing no non specific staining of the secondary 
antibody. B Cluster cultured on K2 hydrogel, no HA and CS were identified. C Cluster cultured on 
K4 hydrogel, there was identification of HA and CS. D Cluster cultured on K3 hydrogel, HA and 

CS were identifed . Scale bars 100m n=3. 
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A 

B 

Figure 59. Enlarged representative images of CS immunostaining in K3 and K4 on day 4.  
A K3 cluster close-up of anti-chondroitin sulphate antibody and dapi. The CS was located around 
single cells of the clusters, this was denoted by * single cell presence of anti-chondroitin sulfate 
hightlighting the difference in expression pattern. The K3 hydrogel had reduced andmore localised 
CS than K4. B K4 cluster close-up of anti-chondroitin sulphate antibody and dapi. The CS staining 
located in plumes extending from the cluster. N=3. All scale bars =100mm.  
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3.5 Discussion 

3.5.1 The encapsulation of hiPSC clusters in E3 PA 

When encapsulated using the E3 PA, toxicity to the hiPSC clusters was observed. This was 

found to be associated with exposure of the cells to PA when in solution, whether nonaligned 

or aligned (E3). The cells categorised as dead were flat and optically clear which may indicate 

a puncture of the phospholipid bilayer by the PA. The CaCl2 concentrations (10mM, 15mM 

and 20mM) had a slight toxic effect but it was found that there was an optimum concentration, 

dependent upon the alignment of the E3. The nonaligned E3 had the least cell death when 

the highest CaCl2 concentration was used (20mM) and the aligned E3 had the optimum 

retention of cell viability when the CaCl2 concentration was intermediate (15mM). An 

explanation for this could be that the PA is toxic when in solution but was not toxic, or at least 

less so, once formed into a hydrogel. As the aligned E3 gelled quicker, a lower concentration 

of CaCl2 was needed to achieve gelation. There was, however, a limited number of repeats 

for the optimisation of encapsulation of clusters in E3 and further work would need to be 

conducted to clarify this observation.  

 

3.5.2 Toxicity of E3 to the hiPSCs 

E3 PA interactions with the hiPSC cell membranes 

The toxicity of the E3 PA was demenostrated by the change in morphology from condensed 

smooth cell clusters to visble flat, lighter cells, and the sustiquinct live dead staining. Clusters 

cultured in not set E3 (no CaCl2) had to higestest percentage of dead clusters (categorogy 1). 

This toxicity was unexpected, as the cell membrane has a negative charge due to the 

presence of negatively charged glycans, including GAGs (Yamada et al., 2012, Nishino et al., 

2020) and there was an expectation that a negatively charged PA would not interact with the 

cell membrane due to charge repulsion (Bakhti et al., 2013, Li et al., 2022b). To reinforce this 
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conclusion, E3 has been used to encapsulate viable cells (Webber et al., 2010c, Zhang et al., 

2010).  

 

Most cell penetrating peptides (CPP) are cationic (Derakhshankhah and Jafari, 2018)  and as 

such, there will be an interaction between the positively charges peptide and the negative cell 

membrane. CCPs, as mentioned above, are molecules that are able to penetrate the cell 

membrane and are often positively charged, reviewed (Derakhshankhah and Jafari, 2018). 

CCPs have been researched for their usage as carriers for macromolecules (Bolhassani et 

al., 2017) and in cancer treatment (due to an increased positive charge upon cancer cells, 

preferentially attaching CPPs) (Song et al., 2015). CPPs are 5 – 30 residues long 

(Derakhshankhah and Jafari, 2018). CPP’s have several methods of entering cells, but the 

most relevant here is direct penetration through the cell membrane (Derakhshankhah and 

Jafari, 2018).  

 

The pericellular ECM or glycocalyx differs between cell types, for example the human dermal 

cells have a constistent glycocalyx with a thickness of 10 - 22nm, and the undifferentiated 

murine cardiac cells had a heterogenous glycocalyx of 2 – 200nm, the differentiated murine 

cardiac cells had a smooth thin glycocalyx with a thinkness of 12 – 25nm (Janczyk et al., 2010, 

Junior et al., 2016). It may be the case that the glycocalyx on different cell types also differs 

in the strength of the negative charge, for example the human bladder cancer cell line T24 is 

more negatively charged than the benign immortalised urothelial UROtsa cell line (von 

Palubitzki et al., 2020). Therefore potentially allowing the negative PA to interact with the cell 

membrane, despite the negative repulsion. It may be that the concentration of the individual 

PAs was so high that interactions between the PAs and cell membranes was inevitable. There 

has been interaction between negative penetrating peptides with the negative cell membrane 
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(though rare) (Oehlke et al., 2002, Kim et al., 2021). The negatively charged CPPs were 

needed to have higher concentrations (Oehlke et al., 2002, Kim et al., 2021).  

 

When comparing the current study with previous work, it is possible that there is some impact 

of the specific concentration of PAs to which cells are exposed. In the experiments carried out 

by Webber et al. the concentration of the PAs within the hydrogels was 0.01%w/v (Webber et 

al., 2010d). In the work described here, we used PAs at 1% w/v (~ 8.67mM). This, therefore, 

increased the concentration of PA molecules that could interact with the encapsulated cells 

and may have increased toxicity. One possibility is that there is a minimum number of PAs 

interactions that can be tolerated by the cells. A second possibility was that differing cell types 

are more sensitive to the PA interactions with the cell membrane.  

 

Previously the interactions of positive CPPs with HS upon the cell membrane were shown to 

be the result of electrostatic interactions, hydrogen bonding and hydrophobic interaction 

(Åmand et al., 2012). Therefore, hydrogen bonding or hydrophobic interactions with GAGs or 

ECM proteins, expressed on the hiPSCs may be enough to result in interactions with E3 

molecules PA molecules despite the electrostatic repulsion.  

 

Cytotoxicity of the PA solution 

While most CPPs in use are not cytotoxic, some have been found to be so when at high 

concentrations, for example the amphipathic peptide FLUOS-KLALKLALKALKAALKLA-NH2 

was found to be to toxic to aortic endothelial cells at concentrations above 2M (Scheller et 

al., 1999). The cationic peptides are known to cause cell death through membrane disruption, 

and that may also be the cause of the cell death here (Lv et al., 2006, Åmand et al., 2012). 

For example, MAP (a CCP) can kill microbial cells by disturbing their cell membranes (Saar 
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et al., 2005) due to its amphipathic nature (Zorko and Langel, 2005). Amphipathic CPPs can 

form pores within the cell membrane due to their hydrophobic regions (Moutal et al., 2015). 

MAP can then cause cell death as the contents of the cells can leak out and finally result in 

cell membrane collapse (Saar et al., 2005). 

 

Newcomb et al. demonstrated that the cytotoxic segment of positive PAs was the hydrophobic 

alkyl tail, when the alkyl tail was not present the positive PAs were not cytotoxic (Newcomb et 

al., 2014). E3 contains the same alkyl tail. Specifically, the positive PA molecules were seen 

to intergrade into the cell membrane followed by rapid cell death (Newcomb et al., 2014). The 

addition of the individual PAs into the cell membrane has been theorised to increase the 

membrane fluidity resulting in increased curvature and rupture (Newcomb et al., 2014, 

Heerklotz, 2008). Cell rupture resulting in membrane leakage may also explain the 

appearance of the dead cells, where they were flat and optically clear as if the internal 

structures are no longer present.  

 

The beta-sheet forming residues have been seen to be a critical factor in defining the outcome 

of PA interactions with cell membranes. Typically, the stronger the hydrogen bonds formed 

between PA units, the more viable the cells (Helen Zha et al., 2016). This is because the PAs 

in solution form micelles due to the beta-sheet residues (Helen Zha et al., 2016) thereby 

preventing the PAs from interacting with the cell membrane (Schreier et al., 2000). The weaker 

the micelle the greater the chance of PAs interacting with (and disrupting) the cell membrane 

(Newcomb et al., 2014, Monteiro et al., 2014). To extend this, PAs are toxic when “free” to 

interact with the cell membrane, but when captured into structures, as such when formed into 

nanofibers, the PAs are less toxic. This is reinforced by the death of all the hiPSC clusters 

while in presence of E3 monomers in solution.  
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The non-aligned E3 preserved the highest proportion of live cells with the highest 

concentration (20mM). This could be due to a potentially more rapid formation of nanofibres, 

compared when gelled with the lower concentrations (10mM 15mM). This is likely due to there 

being more Ca2+ ions to screen the charges upon the individual PAs and trigger the cytotoxic 

PAs into nanofibres where their ability to interact with the cell membrane was reduced. Once 

gelled the PAs cannot then interact with the cell membrane. The aligned E3 gelled much 

quicker (Zhang et al., 2010) than the non-aligned and therefore required less CaCl2 to achieve 

nanofibres. The increased speed of gelation in aligned E3 was the result of heating which 

caused alignment of individual PAs. After alignment, the PAs form a structure described by 

Zhang et al as fused bundles, where the PAs were already in close contact with one another, 

thereby reducing the time taken to achieve gelation (Zhang et al., 2010). The reduced toxicity 

observed for the aligned E3 could also be due to a reduced ability of individual PAs to interact 

with the cell membrane as they are already within a fused bundle structure (Zhang et al., 2010) 

not micelles. 

 

A fluorescently labelled E3 PA, membrane impermeable dye (propidium iodide) (Dengler et 

al., 1995) or cell membrane marker (MemGlow probes) (Collot et al., 2019) could allow for a 

deeper understating of the method through which the E3 PA was cytotoxic by live imaging in 

the time immediately following the clusters being placed within the E3 solution. Quantification 

of any cell membrane damage could be completed by the lactate dehydrogenase (LDH) 

leakage assay. LDH is an enzyme that is released upon damage to the cell membrane, the 

number of lysed cells can then be assessed through a colour change reaction (Saar et al., 

2005). Another common method to study peptide-membrane interactions is the creation of 

large unilamellar vesicles (LUV) with an encapsulated fluorophore. Once the LUV are 

damaged the fluorophore is released and a fluorescence signal is released (Madani and 

Gräslund, 2022). 
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3.5.3 Gelation by CaCl2 

The presence of Ca2+ ions are a major component in the maintenance of eukaryotic cells as it 

is involved in many different pathways within the cells (Ahamad et al., 2021, Murgia et al., 

2009). However, it has been linked to cell death (Quarato et al., 2022) as reviewed in (Orrenius 

et al., 2003). Previously in preliminary work for an alginate hydrogel with Schwann cell line 

(RSCs 96, CRL 2765) were treated with concnetrations of CaCl2 (100mM, 500mM and 1M), 

all resulted in the cell death for 50% of cells (Cao et al., 2012) and as such any use of CaCl2 

should be monitored for cytotoxic effects..  

 

CaCl2 is a common method used to trigger PA gelation. In a previous study, differing cell types 

encapsulated with 10mM CaCl2 were shown to be viable (Beniash et al., 2005). This suggests 

that any toxic effect from CaCl2 would only be minimal at this concentration. However, in the 

method applied in the current study, CaCl2 was used at higher concentrations (20mM and 

15mM) for 30 minutes before the addition of culture medium. 

 

The gelling solution used into gel E3 in the present study was a CaCl2 solution in varying 

concentrations, was different from those used previously. Zhang et al used 160mM NaCl and 

7mM CaCl2 to create instantaneous threads/noodles by dragging the PA solution through the 

gelling solution, an extremely quick gelation occurred when using this mixture of salts (Zhang 

et al., 2010). As Ca2+ ions form more robust PA hydrogels than Na+ (Beniash et al., 2005), it 

is suspected that the high concentration of NaCl of 160mM caused the increase in speed of 

gelation. As a quicker gelation of the E3 hydrogel may reduce cell death in the clusters 

investigating the concentration and range of ions used to trigger gelation, could offer an 

additional factor for further analysis.  
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3.5.4 Formulations of PA hydrogels  

The optimisation of PA hydrogels for the culture of hiPSCs on their surface. The toxicity of the 

PAs was believed present when in solution not when gelled. Due to the inability of the 

individual PA molecules to interact with and penetrate the cell membrane as, once set, the 

PAs have formed nanofibres, keeping the hydrophobic alkyl chains in the centre of the fibre. 

Therefore, further work on the cultures was conducted upon gelled hydrogels. 

 

The specifications for the PA hydrogels were influenced by the physical limitations in place 

during the re-opening of the labs post-pandemic, as well as technical specifications. The final 

optimised method used a 100l PA hydrogel which was strong enough to withstand medium 

changes during culture, with a central depression. This fulfilled the specification of forming a 

self-supporting gel within one hour. This is the first time PA hydrogels, without co-assembly of 

ECM components, have been formed in 96 well plates. In the previous studies, the PA 

hydrogels were gelled through other means or with different specifications required. For 

example, hydrogels gelled on coverslips (Storrie et al., 2007), droplets in a well (Osuna de la 

Peña et al., 2021) or were much larger for implantation (Mata et al., 2010). These methods 

were not suitable for creating PA hydrogels in wells as it was necessary to fill the entire well 

to make sure all clusters were in contact with the PA hydrogel. To gel the PA hydrogel the 

optimum method was to swirl the salt solution (PBS or CaCl2) through the PA solution (E3 or 

K) to create a gel that filled the well.   

 

As discussed above, gelation of the E3 PA hydrogel was achieved using CaCl2. Although the 

concentrations used in the present study were different from those used previously (for E3) 

the incubation of the set hydrogels with medium overnight prior to addition of hiPSC clusters 

was predicted to reduce the risk of any negative effect from the increased concentration of 
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Ca2+. In addition, the use of CaCl2 as a gelator has been shown to produce a stronger hydrogel 

than those made through pH alteration (Greenfield et al., 2010, Stendahl et al., 2006). 

Therefore, the use of Ca2+ allowed for a hydrogel that did not deform during culture.  

 

Gelation of the K PA hydrogels was achieved using a salt solution (PBS) as had been used 

previously (Beniash et al., 2005, Hartgerink et al., 2002). The pH of the K PA solutions for K3 

and K4, altered the time it took for them to gel, as the pH was more acidic, the charges on the 

lysine more positive which may result in reduce micelle formation in solution due to increased 

charge repulsion. Thereby increasing the time to gel the K3 and K4 hydrogels when the pH 

was 3. As the unaltered pH was the quickest to gel for both K3 (pH 5) and K4 (pH 4), that pH 

was selected for further gel production, as time was an important specification.  

 

The hydrogels in this work were specific to the desired specifications for this application and, 

while not applicable to all research within the area of PA hydrogels, it demonstrated how 

adjusting the parameters for creating PA gels changed the outcome. The application of PA 

hydrogels allows for the design of shapes with desired characteristics and a complete control 

of any hydrogels produced (Capito et al., 2008, Mata et al., 2009, Redondo-Gómez et al., 

2019).  

 

The K2 hydrogel was quick to form under all tested pHs which may suggest an application in 

3D printing. As the material is printed, any non-gelled material can deform due to gravity and 

liquid like nature of the printed material, the quicker a material gels the batter the printed shape 

is retained (Shiwarski et al., 2021, Sakai et al., 2021). This prevents the layer-by-layer building 

of the required shape. When the printed material is quick to gel and rigid enough, it is possible 

to build complex structures. 
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3.5.5 pH of PA hydrogels 

This work was the first to provide evidence that PA hydrogels have distinct pH values 

dependent upon the individual PA, not just while in solution but when gelled. K4 was shown 

to be the most acidic PA assessed with the lowest pH while in solution and even following 

gelation. The differences in pH were seen to be small as phenol red demonstrates a limited 

pH range. The assumed charges associated with the PAs were not sufficient to cause toxicity 

to hiPSC clusters, the medium will be involved in buffering the pH to levels safe for the cells. 

The differences in pH were however, enough to suggest that there was a difference in charge 

upon the hydrogels as it demonstrated the difference in H+ ions present in the PA hydrogels. 

The K4 hydrogel has the most K residues and should have the most protonation thereby 

potentially having a higher H+ presence. The PA hydrogels and their perceived charge could 

capture different levels of GAGs, providing support for the selection of these PAs to test the 

hypothesis. Ideally, there would be a measurement of the PA hydrogel charge after gelation, 

repeated daily to assess changes in charge during culture by surface zeta potential (Goto and 

Teramoto, 2020). This assessment of charge would demonstrate if the charge of the hydrogels 

is buffered by the addition of medium over the culture days.  

 

In the future, alterations in PA concentrations could be used to increase the charge of the PA 

hydrogels. A further analysis of whether there will be an increase in sequestration due to this 

change in charge and if there is a difference in composition of sequestered matrix proteins. 

This may allow an assessment of additional characteristics for tuneable hydrogels for a 

desired purpose.  
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3.5.6 Size for hiPSC clusters 

Once the PA hydrogels were optimised the hiPSCs cluster size was assessed both for the 

ability to be physically manipulated and the viability of the clusters on top of the hydrogels. 

The cell density within embryoid bodies (cell clusters able to differentiate into all three 

embryonic lineages) influences viability and larger aggregates can suffer from necrotic cores 

(Valamehr et al., 2008, Van Winkle et al., 2012). Embryoid bodies have been formed from cell 

numbers as low as 150-200 (hESCs and hiPSCs) (Bogacheva et al., 2021, Mohr et al., 2010). 

The ability to physically manipulate the hiPSC clusters demonstrated that the larger sized 

clusters (1500 and 2000) were most suitable for further experiments due to the easier visibly, 

reliability of cluster production and their robustness. This is in line with other research when 

embryoid bodies made from 1000 cells were difficult to see (Sharma, 2016).  

 

In previous studies, cross-sectional area has been used as a measure of hiPSC health (Mohr 

et al., 2010). In the present study, all the cell densities tested produced clusters of differing 

size with some variation as expected. Further to this, small sized clusters were found to 

decrease in size over the culture days, perhaps due to an inability to proliferate. Small 

aggregates of hESCs have been found to proliferate less than larger aggregates, using the 

proliferation marker Ki-67 (Nath et al., 2017). The decrease was suspected to be due to 

reduced cell-cell interaction (Xu et al., 2010b) and a reduction in growth factor expression 

(Nath et al., 2017), though it is unknown if this is the case in the current study. The cross-

sectional area of the clusters created using 1000 cells did increase over the culture time, 

demonstrating that there was no overt toxic effect from the hydrogel and that the reduction in 

size observed with the smaller aggregates was likely due to the starting cell number. In 

addition, this could explain why some of the clusters began to decrease in size in the early 

days of culture but grew on later days. It likely took time for the cell number to reach a sufficient 

level to promote proliferation, and the clusters that could not reach this number decreased in 
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size. The largest hiPSC clusters had a greater variation of cross-sectional area due to the 

greater risk of clusters touching and thereby merging, this increased the number of outliers.  

 

The smaller hiPSC clusters were also found to have the poorest retention on top of the PA 

hydrogels. hiPSC clusters made by Bogacheva et al using 50 to 100 cells were seen to 

dissociate over the first two days of culture (Bogacheva et al., 2021), which could explain the 

lack of retention. The clusters made using 200 – 1000 cells were able to be maintained in 

suspension culture and encapsulated in a hydrogel (Bogacheva et al., 2021). In the present 

study, clusters formed from 750 cells were no longer present by day 3. The process of 

encapsulation and suspension culture may have protected the clusters in the Bogachevea 

study from stress during culture, in a way that culture on top of the PA hydrogels could not 

(Bogacheva et al., 2021). The lack of retention may also have been due to the inability of the 

hiPSC clusters to maintain their attachment to the PA hydrogel, particularly as the limited 

number of cells present would reduce the total amount of SNMC released to interact with the 

hydrogel which, in turn, could reduce potential attachment sites to the PA hydrogel. The 

clusters formed from 1500 cells were the most able to be retained on the PA hydrogels. This 

was likely due to their attachment being stronger than for the smaller clusters and that these 

clusters may express more SNMCs resulting in a stronger connection to the PA hydrogel.  

 

However, by the end of the culture period (4 days) no difference was observed between the 

clusters formed from 1500 and 2000 cells, suggesting that there was a size at which the 

clusters could not be maintained, most likely due to the physical stress involved in medium 

changes. The effect of the forces present during medium changes was stronger than the 

connection the clusters had to the hydrogel, perhaps through the SNMC captured.  

 



Peptide amphiphile scaffolds and human induced pluripotent stem cells 

Discussion 

© Sarah McGinlay 226 

3.5.7 Viability of hiPSC clusters on the hydrogels 

The clusters were then cultured on top of the hydrogels (Matrigel, K PAs hydrogels, 

FEFEFKFK and E3). The hiPSCs clusters were viable on all the hydrogels, in contrast to the 

cell death that was observed when they were encapsulated in E3 PA in solution. However, the 

individual cells (migrated away from the cluster) on the K2, K3, K4 and E3 hydrogels were 

found to be both live and dead cells. There has been research to suggest that the hiPSC being 

in single cells is detrimental (Pakzad et al., 2010, Pijuan-Galitó et al., 2016) but as the cell 

death was perceived to be greater on the K2 and K3, the K PAs may play a role in the cell 

death. The individual PAs in the K hydrogels were in the nanofibre structure as the hydrogel 

was formed prior to exposure to the cells, and therefore the individual PAs should have been 

unable to interact with the cell membrane. However, there were areas of the K2 and K3 

hydrogel that showed deformities or holes during culture. It may therefore have been possible 

for cell death to occur due to broken nanofibres on the surface interacting with single cells, 

leading to cell death, similar to that see in the PA solution.  

 

3.5.8 The sequestration of GAGs and ECM proteins and differences in behaviour 

Clusters upon Matrigel 

Matrigel and the FEFEFKFK hydrogels have been used previously to culture hiPSC clusters 

(Ashworth et al., 2020b). Matrigel was a control to demonstrate the effect of having exogenous 

ECM components present upon the hiPSC clusters. Matrigel provided excellent attachment 

between the clusters and hydrogel. The presence and absorption of exogenous ECM proteins 

(i.e., fibronectin, have been found control the ability of cells to adhere to scaffolds (Calonder 

et al., 2005). The ECM components (including fibronectin and laminin) abundant within 

Matrigel (Kleinman and Martin, 2005) could have allowed for interactions with integrins and 

other cell receptors and as such there were strong enough connections between the Matrigel 
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and the hiPSC clusters that few clusters were lost. The presence of ECM components within 

Matrigel may also enhance sequestration of matrix components secreted by the cells due to 

the extensive binding capacity of ECM components.  

 

The measurement of cluster cross-sectional area demonstrated that there was a difference in 

proliferation between clusters clustered on different hydrogels. As expected, using Matrigel 

had the greatest proliferation in the clusters. The enriched ECM environment provided an 

optimised environment for proliferation, whether through maintenance of focal adhesions 

allowing retention of cell clusters on the scaffold or sequestration of growth factors (Gérard 

and Goldbeter, 2014). 

 

Matrigel showed negligible numbers of cells separate from the clusters suggesting that the 

high levels of ECM components in Matrigel provided an environment that supported the cells 

to form strong cell-cell connections and did not encourage migration away from the cluster. 

From careful observation it appeared that the clusters were sufficiently discrete that, even if 

clusters were close enough to touch and make contact, the cells remained discretely within 

their distinct clusters, unlike those on the other hydrogels.  

 

While the work presented here has been completed on a 2D hydrogel there have been 

previous studies investigating the effect of matrix density on non-directional cell migration. 

Typically, the denser matrices were associated with a reduction in cell migration (Plou et al., 

2018, Gonçalves and Garcia-Aznar, 2021). The more ECM components in the matrix and the 

smaller the pore size, the less migration observed (Wolf et al., 2013, Sabeh et al., 2009). In 

the current study, it may be that the Matrigel has provided an environment with sufficiently 

dense ECM components that the hiPSCs cannot easily migrate away from the clusters. 
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Transmission electron microscopy imaging to assess the pore size of the hydrogels before 

and after culture would be useful to investigate if the density of sequestered ECM components 

was playing a role in preventing hiPSC migration. 

 

Clusters upon K hydrogels 

The K hydrogels showed that the charged hydrogels do sequester GAGs, specifically, 

chondroitin sulfate (CS) and that the hydrogel with the greatest charge (K4) sequestered the 

most CS. This conclusion was drawn from a limited set of immunostaining data, however there 

was good consistency between images. The HA staining was less consistent and could not 

be used to draw conclusions However, the CS sequestration shown provides good initial data 

to encourage further confirmatory work to investigate the ability of physical characteristics of 

hydrogels, in this case charge, to control the sequestration of GAGs from cells in culture.  

 

While the current project is novel in that my focus in on the sequestration of native secreted 

matrix and GAGs, this work is in line with previous studies that have demonstrated how 

charged (both positive and negative) synthetic hydrogels can capture exogenous proteins 

(Nagy-Smith et al., 2016). Proteins contain regions of both positive and negative charge 

(Hartvig et al., 2011) and therefore would be potential targets for sequestration by the charges 

displayed on the hydrogels whether positive (K hydrogels) or negative (E3 hydrogels) (Nagy-

Smith et al., 2016, Schulz et al., 2018).  

 

The present study indicated that there was a correlation between the level of assumed charge 

on the PA and the amount of sequestration. Previous work on charged hydrogels has 

additionally identified a link between the charge density and the amount of protein absorbed 

(Tan et al., 2017, Schillemans et al., 2011). This again is reinforced by the work here, as the 



Peptide amphiphile scaffolds and human induced pluripotent stem cells 

Discussion 

© Sarah McGinlay 229 

K PAs contains an increasing number of lysine residues with charged side chains (at a pH 7) 

from K2 to K4 and there was more CS sequestered on K4. The K hydrogels are believed to 

attract oppositely charged proteins and GAGs. In the case of GAGs, binding sites within GAG 

ligands typically include basic residues (lysine or arginine) (Xu et al., 2022) and it is therefore 

not surprising that the K PAs could sequester the CS as observed using immunostaining. 

Previously, synthetic positivity charged hydrogels have been found to absorb proteins, 

specifically fibronectin and vitronectin (Tanahashi and Mikos, 2003, Schulz et al., 2018). While 

both molecules are negatively charged at physiological conditions, vitronectin (Whateley and 

Knox, 1980)was more so (fibronectin 5.6–6.1 and vitronectin 4.8–5.0) (Boughton and 

Simpson, 1984, Whateley and Knox, 1980) and may therefore have been better retained in 

charged hydrogels. The K hydrogels were likely to have sequestered ECM proteins and 

GAGs.  

 

The K PA hydrogels showed an increase in cells attachment from K2 to K3/K4. Careful 

observation suggests that this may be the result of the manufacturing process, as the K2 

hydrogel was found to have physical deformities (holes) in the hydrogel. While K3 was also 

found to do have deformities, they did not prevent attachment of the clusters when compared 

to those on the K4 hydrogel. This may therefore be due an increase in sequestered ECM 

material on K3 and K4 hydrogels. The change in retention may also be due to the sequestered 

native matrix components (SNMCs). The ability of cells to adhere to a biomaterial can be the 

result of several different interactions between integrins, other attachment receptors and the 

ECM components they can bind (Cohen et al., 2004). Previously, positivity charged synthetic 

scaffolds have been found to support adhesion of neural stem cells (Sallouh et al., 2017) and 

endothelial cells, with evidence of adsorbed fibronectin and vitronectin (Kikuchi et al., 1992). 

In agreement, hydrogels with increasing positive charge were found to show increased protein 



Peptide amphiphile scaffolds and human induced pluripotent stem cells 

Discussion 

© Sarah McGinlay 230 

absorption, cellular adhesion to the scaffold (Human mesenchymal stem cells), and an 

increase in the expression of the 5 integrin subunit (Schulz et al., 2018). 

 

The CS seen on the clusters in K3 and K4 hydrogels may be the from CS on cell membrane 

PG i.e., syndecans (Iozzo and Schaefer, 2015b). The increased CS content could then form 

electrostatic interactions with the positive charge on the K hydrogels or with other sequestered 

ECM proteins, for example fibronectin or collagen (Oldberg and Ruoslahti, 1982, Barkalow 

and Schwarzbauer, 1994). Alternativity, the increase in CS may be the result of extracellular 

PGs sequestered into the hydrogel where they could form interactions with integrins (Shida et 

al., 2019) and CD44 receptors (Hurt-Camejo et al., 1999) on the cells, thereby increasing 

retention.  

 

In a similar fashion, if there is an increase in HS retained by the K PAs on membrane bound 

HSPGs will have a further increase in interactions with any ECM components sequestered 

they can interact with (i.e. collagen, laminin fibronectin, vitronectin (Ori et al., 2011). HA 

interacts with the CD44 transmembrane protein (Zimmerman et al., 2002, Lee et al., 1993) 

and has additionally been suggested to promote integrin adhesion (Cohen et al., 2006). The 

addition of HA to 2D culture systems has been found to increase cellular adhesion (Li et al., 

2015, Niepel et al., 2019). 

 

In addition to the sequestration of adhesion proteins and potential electrostatic interaction with 

integrins, studies have suggested that charge can drive an alteration in the binding between 

fibronectin and the 51 integrin. The positive charges upon the hydrogel were observed to 

have altered the confirmation of fibronectin to allow improved access to binding sites, thereby 

increasing adhesion (Tang et al., 2018). Further work would need to be completed to identify 
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the relative influence of retained ECM components and direct cell: scaffold electrostatic 

interactions on cell attachment in these hydrogels. 

 

Positively and negatively charged hydrogels have demonstrated increased proliferation when 

compared to non-charged equivalents, and several demonstrated that the positively charged 

hydrogels showed greater proliferation than the negatively charged (Lesný et al., 2006, 

Naganuma and Traversa, 2014). This was in line with the proliferation seen in this work. The 

increase in charge upon the hydrogel has been found to drive greater proliferation (Tan et al., 

2017) as seen here in the K hydrogels (K2< K3 <K4). Previously fibronectin has been able to 

increase proliferation (Arredondo et al., 2021, Song et al., 2008), as has laminin (Le Bellego 

et al., 2005) and vitronectin (Heydarkhan-Hagvall et al., 2012), all other possible sequestered 

matrix proteins. CS (Hsu et al., 2022, Xiong et al., 2021), HS (Öztürk et al., 2016, Dombrowski 

et al., 2009) and HA (Ehlers et al., 2001, Liu et al., 2016, Hanagiri et al., 2012) have been 

responsible for increased proliferation.  

 

K4 PA had reduced cell migration away from the clusters than all other PA hydrogels (K2, K3 

and E3) and FEFEFLFK. This may indicate that a greater sequestration of ECM components 

and a greater retention of cells within the cluster. As with Matrigel, the increased presence of 

SNMC may produce a dense ECM surrounding the cluster and reducing migration. As the 

actions of GAG are spatiotemporally controlled by the distinct proteoglycans they are attached 

to and the sulfation location and amount, further work would be needed to determine if CS or 

other GAGs play a role in cell retention in clusters on K4 PA and Matrigel, apart from physically 

interacting with the other SNMC to form a matrix around the cluster.  
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Taken together it may be that the GAG CS and sequestered matrix components may drive an 

increase in proliferation, retention on hydrogel and cell retention in cluster, though it is currently 

impossible to say which the signalling pathway drives this behaviour. As there was differing 

cellular behaviour on between the K hydrogels and the E3 hydrogels it could also suggest that 

there is a difference in SNMC due to the presence of opposite charges. As the positively 

charged hydrogels have the potential to bind to GAGs as well as other ECM components it 

also poses the question of how much material can be sequestered before there is preferential 

binding, with selection for the strongest opposite charge. 

 

Difference in sequestration between K and E3 hydrogels 

Similarly fibronectin, laminin and collagen I have been found to be adsorbed into negatively 

charged hydrogels (in the presence of serum containing medium) (Liu et al., 2011). Therefore, 

it is possible that these ECM components could be adsorbed onto both the K hydrogels and 

E3 hydrogel.  

 

Although logical to propose that there is reduced GAG accumulation in the E3 PA gels due to 

the hydrogel and the GAGs having the same charge, this would obviously need experimental 

validation. Looking at previous studies in this area, platelet adhesion (to HUVECs) when 

grown on negatively charged hydrogels (substrate) was better than to cells grown on non-

charged hydrogel, the authors of the study theorised this was due to a reduced HS content 

(Chen et al., 2007b). It is impossible to conclude that the E3 hydrogel has no GAGs without 

further work. As, in specific circumstances, for example during chondrogenesis, GAGs have 

been observed to increase on negatively charged hydrogels (Calabrese et al., 2017). The 

interaction of molecules of the same charge was assessed by Abraham et al. using charged 

hydrogels, there was no suggestion that electrostatic repulsion contributed to the release of 
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like charged cargo (Abraham et al., 2020). It is, therefore, impossible to rule out sequestration 

of GAGs due to interaction with the nanofibre network of the hydrogel. In an alternative point, 

the negatively charged GAGs bind to other factors (growth factors etc) or proteins through an 

electrostatic interaction (Xu et al., 2022), as the E3 hydrogel may be negatively charged it may 

be able to interact with same proteins that GAGs usually do, allowing retention of the GAGs 

through secondary sequestration (matrix components binding matrix components already 

sequestered).  

 

The negatively charged hydrogel may have fewer possible binding options (due to potential 

charge repulsion of GAGs) and as such a more controlled/specific sequestration. This control 

in the sequestration will then alter the of range of additional SNMCs sequestered, as these 

matrix components will bind to one another to form a matrix around the cluster. The closer to 

the cluster the higher the competition for the positive charges upon the K hydrogels, as new 

SNMC is continuously being secreted. Therefore, the SNMC with the greater negative charge 

will remain longer than those with weaker. Keeping the fibronectin example, fibronectin has a 

smaller charge than vitronectin (Boughton and Simpson, 1984, Whateley and Knox, 1980) 

and the vitronectin would have a stronger interaction with the K hydrogel charge than 

fibronectin and may replace fibronectin closer to the cluster. On the E3 hydrogel the ECM 

proteins with the most positive residues and the those with a less negative charge may be 

preferentially located near the cluster (Figure 60). As the culture days increase the number 

sequestration of the SNMC was theorised to increase, if this is the case more SNMC will 

interact with the already sequestered components. This will result in increased SNMC 

interacting with previously sequestered SNMC to form a matrix around the clusters. As there 

may be a preference to binding SNMC due to their charge the surrounding matrix built by 

interacting with them will differ between differently charged hydrogels. 
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The PA hydrogels will only have a finite number of accessible charges displayed in the 

proximity to the cluster, considering; the large variety in ECM components that may be 

sequestered (with preferential sequestration based on charge), the physical and electrostatic 

interactions of this sequestered components to each other. The K hydrogels will have GAGs 

and ECM proteins competing for sequestration against the salts (within the medium and those 

used to trigger gelation). In addition, the SNMC will have to balance the electrostatic attraction 

to the K hydrogel positive charge, the electrostatic repulsion between the SNMC themselves 

and getting close enough to a PA charge to interact. Some SNMC will be unable to interact 

with the positive hydrogel charges (K hydrogel) if several SNMC are already in close 

juxtaposition with negative charges (electrostatic repulsion between SNMC and physical 

space).  

 

While the E3 hydrogels will have to cope with electrostatic repulsion (negative residues on the 

proteins and between the proteins themselves) the reduction in SNMC attempting to bind to 

the hydrogel may allow for more ECM proteins to be sequestered proximal to the cluster than 

the K hydrogels. This assumes that the difference in charge of the PA hydrogels does not alter 

the amount of composition of SNMC being secreted.  
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Figure 60. Potential differences in SNMC sequesteration between K and E3 hydrogels. 
K hydrogels are believed to be able to sequester GAGs and ECM proteins, while the E3 hydrogel 
may only sequester ECM proteins. The areas of sequestration show the key zones for the SNMC 
to be sequestered in, those closest to the cluster will have a larger affect upon the cells. As the 
more negatively charged GAGs with bind with greater affinity to the positive charges upon K 
hydrogels. It may be that due to the GAGs binding less ECM proteins are able to bind to the K 
hydrogel, particularly the less negative ECM proteins (e.g., Fibronectin).  

 

Clusters upon E3 hydrogel 

While previous work using mouse pre-osteoclasts (mouse MC3T3-E1 Subclone 4) (substrate) 

showed no difference in the retention of cells between negatively and positively charged 

hydrogels (Tan et al., 2017), here the retention of clusters was greater (~80%) on the E3 

hydrogel suggesting a possible difference in ECM proteins sequestered, not considering 

GAGs. However further work would need to be done to fully assess the extent of this. It is 

possible that the reduced retention cell clusters on K4 PAs compared to E3 may be due to the 

larger size of the clusters on the K4 hydrogel. The larger the cluster the greater the forces it 
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could experience in the medium changes (Brindley et al., 2011) as the clusters are on top the 

hydrogel. 

 

On negative hydrogels bovine foetal aorta endothelial cells (BFAECs) (Chen et al., 2009b), 

human umbilical endothelial cells (HUVECs) (Chen et al., 2005), and rabbit synovial tissue-

derived fibroblast cells (RSTFCs) were found to proliferate, (Chen et al., 2009a). The clusters 

on the E3 hydrogel were smaller than the K4 clusters but larger than K2, and K3 hydrogels. 

This may be due to reduction in charge, 4 lysine residues present upon K4 PAs and only 3 

glutamic acid residues on E3 PAs, sequestering less SNMC.  

 

The clusters grown on the E3 hydrogels were associated with individual cells that were 

distributed further from the clusters than seen on the other hydrogels used. It is possible that 

this could have been the result of less sequestered material on the E3 gel resulting in less 

physical impedance (less dense ECM) to cell migration. However, as there was a high 

retention and increased proliferation (than FEFEFKFK and K2) it seems likely there more were 

SNMC sequestered than K2 and FEFEFKFK hydrogels. As discussed above, the E3 hydrogel 

may have less sequestered GAGs than the K series PA hydrogels. Therefore, it’s possible 

that retained ECM proteins, specifically fibronectin could be the basis of retention of clusters 

on the E3 hydrogel. This increase in adhesion may also lead to an increase in migratory cells 

as adhesion is one requirement for migration (Pascalis and Etienne-Manneville, 2017). 

Fibronectin is a major matrix component that can result in cell migration reviewed by (Thiery, 

1984, Hynes and Naba, 2012).  
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FEFEFKFK 

Due to their neutral charge at physiological pH, the FEFEFKFK hydrogel was suggested to be 

the least able to sequester ECM proteins and GAGs. Without these ECM components, the 

cells would be less able attach, compared to the charged hydrogels, and this was indeed the 

case.  

 

In our study, the FEFEFKFK hydrogel was more successful than the K2 PA at supporting cell 

proliferation, which may suggest that sequestration of matrix materials might not be the critical 

factor, assuming that the neutral gel was less able to retain matrix factors than K2 PA. A major 

factor impacting on cell: scaffold interactions is the relative stiffness of the scaffold. Whist not 

specifically addressed in the current study; we need to consider that stiffness influences many 

aspects of cell behaviour including proliferation (Hadjipanayi et al., 2009). A stiffer hydrogel 

has been demonstrated to support increased mESC proliferation (Evans et al., 2009), 

reviewed by (Chan et al., 2020). 

 

Practical limitations meant that I was unable to compare the rheological properties of the PA 

hydrogels. However, the FEFEFKFK hydrogel has been analysed (500 Pa) (Ashworth et al., 

2020b, Ashworth et al., 2020a), suggesting it was a stiff/stronger hydrogel than the PA 

hydrogels, and this may have supported increased proliferation despite the neutral FEFEFKFK 

gel having less sequestration of ECM components compared to the PA gels or Matrigel. The 

effect of stiffness by the PA hydrogels (K or E3) is currently unknown.  

 

Clusters grown on the neutral FEFEFKFK hydrogel showed poor attachment and a high 

proportion of single cells were also observed, compared to the K4 PA gels and Matrigel. This 
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could be associated with a lack of retention of ECM components (as discussed in detail above) 

which could then lead to a reduced physical barrier to cell migration.  

 

3.6 Further work  

3.6.1 Broader investigation into the sequestered matrix components 

The most immediate need is to further investigate the range and relative proportions of matrix 

components sequestered by the different synthetic environments. This would allow us to 

address the major remaining questions more directly: Does the increase in charge truly 

increase the sequestration of matrix components? Is there a distinct difference between matrix 

sequestration in the positive (K) and negative (E3) hydrogels?  

 

One option would be to undertake  metabolic labelling of the secreted matrix proteins, through 

the incorporation of non-canonical amino acids analogues which are then incorporated into 

the proteins synthesised by the cells (Loebel et al., 2022). This will give an overview of the 

amount of selected material without having to identify individual proteins. It will however not 

label GAGs like HA but will label the PGs some GAGs are bound to. Previous work have used 

fluorescent breads within the hydrogel to visualise if secreted native matrix proteins physically 

deformed the hydrogel (Loebel et al., 2022). Pulse labelling using this method would allow for 

view across culture time, to visualise how the secreted matrix proteins alter their local 

environment (Loebel et al., 2022).  

 

For a more detailed approach including GAGs without PGs other methods would need to be 

used. Relatively simple methodologies to do so, would be western blotting or to section the 

clusters prior to immunostaining. This would allow improved access to the cell: hydrogel 
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interface and, potentially, quantification of staining to directly compare samples. This was 

attempted, but unfortunately not completed as part of the current study (Ashworth et al., 

2020b). Sectioning the hydrogels would provide an increased number of samples to allow for 

multiple stains (and controls) over serial sections while limiting the number of PA gels required. 

The work presented here suggests that there may be a difference in the level of CS 

sequestered in the gel, likely due to charge with the increased lysine residues (positive 

residue) located on the K4 PA associated with the greatest amount of CS detected. If this is 

the case, a similar trend may be found to occur with other GAGs including HS, DS and KS. 

Important targets to include for immunostaining would be heparan sulfate, HA, fibronectin, 

laminin, and several form of collagens (IV).  

 

A more informative approach may be to an conduct to spatial proteomics, thereby identifying 

the SNMC quantifiably. One protocol for such relies upon laser-capture microdissection and 

orbitrap mass spectrometry (Li et al., 2022a). While such a method will provide a general 

location based proteomic analysis there is a technology that can now be used to analyse 

proteomics with location targeting to a cellular level through a fluorescent in situ hybridisation 

(He et al., 2022). This would allow for a detailed understanding of the captured SMNC upon 

each hydrogel in 3D close to and away from the clusters. 

 

Spatial transcriptomics using either tomoseq (van den Brink et al., 2020) or the previously 

mentioned in situ hybridisation (He et al., 2022) potentially linked to spatial proteomics (above) 

(Yerly et al., 2022) could demonstrate if there is a difference in cellular RNA expression and 

thereby cell behaviour (e.g., individual cell migration away from the cluster) and what the 

accompanying SNMC sequestration was. This would allow researchers to select the charged 

hydrogel that produced the desired behaviour. The spatial transcriptome could also assess if 
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the cells in the centre of the cluster were transcriptionally the same as those on the surface 

that will be closer to the sequestered SNMC.  

 

The quantification of these proteins will allow for an analysis of whether the increasing 

amplitude of charge (K2< K3< K4) truly results in increased sequestration and whether there 

are differing matrix components sequestered between K and E3 hydrogels. In addition, it 

would be useful to study the proteoglycan core proteins the sequestered GAGs are linked to 

and whether those sequestered were those with the most GAG chains. The number of GAGs 

linked to a PG can be anywhere from 2 to 100 (Iozzo and Schaefer, 2015b) and influence the 

behaviour of the cells (Gandhi and Mancera, 2008).  

 

3.6.2 Rheology  

Another critical factor to study further is the relative stiffness and elasticity of the gels. The 

proliferation and migration of cells are cellular behaviours that are influenced by the stiffness 

and elasticity of biomaterials (Zhong et al., 2020). As changes in these cellular behaviours 

were observed in the current study it is particularly important to assess the effect of any 

difference in stiffness. For example, the current theory that associates the cell migration 

observed on the E3 hydrogel as being due to the sequestration of fibronectin may also be due 

to a change in stiffness due to the electrostatic repulsion of the charges as seen in work by 

Gu et al. (2022). 

 

Alternative methods to assess the rheological properties of the PA gels could be tested e.g., 

atomic force microscopy (AFM). AFM is comprised of a tip mounted to a cantilever, which can 

then be scanned across a surface. The deformation in the AFM tip can then be computed into 

a measurement of mechanical properties including Young’s modulus through force-distance 
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graphs (Cebull et al., 2017, Ben Bouali et al., 2020). If differences in stiffness were identified 

between the hydrogels and these were associated with the difference in charge, then it may 

be possible to alter the stiffness of the PA hydrogels to specific, targeted levels of stiffness, 

by adjusting the concentration of PA or by alteration of CaCl2 concentration used. Different 

PAs have seen to increase with concertation (Koch et al., 2018) and CaCl2 concentration 

(Stendahl et al., 2006). Removing any difference in stiffness will allow a more confident 

conclusion that the differences seen in cellular behaviour (i.e., proliferation and migration) 

were due to a difference in SNMC sequestration related to charge. In addition, if the different 

hydrogels have the same stiffness before any SNMC are captured, then it will be possible to 

assess if the different sequestration has also resulted in a change in hydrogel stiffness over 

culture.  

 

3.6.3 Spontaneous differentiation 

The ability of the hiPSC clusters to retain their pluripotency was not assessed in the current 

study and could be addressed with quantification of expressed pluripotency markers (i.e., 

Nanog and Oct4 using PCR). There is no evidence to suggest that the clusters had 

differentiated, and the cells were cultured in medium that retains pluripotency. E8, with the 

presence of TGF- and FGF2 was expected to maintain pluripotency (Lippmann et al., 2014, 

Chen et al., 2011). As the clusters were kept in an assumed pluripotent state there was no 

ability to assess if the differently charged hydrogels could alter the differentiation of the 

clusters. The charge of hydrogels has been seen to influence the differentiation of hMSCs, 

into osteogenic, and chondrogenic lineages when on negatively charged hydrogels 

(Calabrese et al., 2017). As the composition of the ECM, including GAGs, can influence 

differentiation, as mentioned by the requirement of GAGs to be present for stem cells to 

differentiate, reviewed by (Wang et al., 2017), it is possible that the sequestration of differing 

matrix components could result in differing outcomes.  
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Spontaneous differentiation using a reduced medium (E6), has the potential to allow for 

differentiation into multiple lineages (hiPSCs) (Ashworth et al., 2020b). Spontanoues 

differenctationin different hydrogels generated in this study would demonstrate if the 

sequestered matrix comonents were enough to result in changes to differentiation outcome 

and whether the different hydrogels could stimulate different differentiations. The ECM is 

known to be able to control differentiation through stiffness, squesteration of growth factors 

and direct interaction with ECM components (Schoonjans et al., 1995, Padhi and Nain, 2020). 

The CS on the K3 and K4 hydrogels may be beneficial for the differentiation into chondrocytes 

(Varghese et al., 2008, Huang et al., 2015) or a neural differentiation, as CS has been seen 

to increase differentiations these lineages (Gu et al., 2009, Mencio et al., 2021). The ability of 

these hydrogels to stimulate spontaneous differentiation may lead to a culture method that 

uses the secreted matrix to drive directed differentiation.  

 

RNA sequencing (RNAseq) of the clusters on the hydrogels would allow for a complete 

comparison of the transcriptome (Kim et al., 2022). RNAseq would allow for understanding of 

the differences across the hydrogels, in multiple areas of cell behaviour (e.g., differentiation, 

metabolism and ECM deposition). This would provide a complete view of the changes in the 

cells cultured upon the different hydrogels. Analysis of the transcriptome on a single cell level 

would allow for an assessment of the differing areas of the clusters, not just the internal vs the 

surface cells but the cells in contact with the SNMC or the cells with no contact (top of culture). 

Does the SNMC exert control over the cells in contact with it and do these cells then direct 

those neighbouring to them?    
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Previous spontaneous differentiation was completed over a longer time frame of 22 days, here 

the longest cultured was 4 days. This was due to a lack of retention of the clusters on the 

hydrogels. It may be that further alterations to the method may be needed to allow sufficient 

time to demonstrate evidence of differentiation.  

 

If a hydrogel was found to show an ability to stimulate differentiation, it may then be worth 

completing a directed differentiation to see if the hydrogel and the FEFEFKFK control had 

similar differentiation.  

 

3.6.4 Additional complexity to the PA hydrogel 

To increase the complexity of the hydrogel, mottifs be added to the PAs to direct a wanted 

cellular behaviour. For example, to prevent the low retention of the clusters on the K2 and K3 

hydrogels the bioactive epitope, RGDS, could be added to the PAs. The charged residues on 

the PA containing RGDS (PA-RGDS) were still present in previous PA hydrogels with these 

epitopes and the PAs had no problems gelling following the addition of oppositely charged 

proteins (Derkus et al., 2020). The PA with the bioactive epitope could then be mixed with the 

PA, so make sure that the lowest percentage of PA-RGDS was present while increasing the 

attachment of the clusters without adversely affecting the behaviour of the cells. There would 

need to be care, to make sure that any further conclusions are not due to the bioactive epitope. 

This could be taken further, if a particular PA was found to direct differentiation to a specific 

lineage but which did not sequester an ECM component that was known to support 

differentiation, an epitope to allow binding of that ECM component could be added to the 

selected PA. This would allow for further tuneability for a hydrogel system.  
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3.6.5 Encapsulation of hiPSC clusters in PA hydrogels 

Despite the use of hydrogels within this chapter, the hydrogels were used as a 2D base for 

spheroid culture. This results in the spheroids not being able to interact with SNMC in 360º 

and as such only a small section of the culture is exposed to the SNMC. In addition, as the 

top of the clusters are not exposed to the hydrogel these cells are not exposed to mechanical 

stimulation. An improved model would completely encapsulate the clusters.  

 

As shown the encapsulation of the clusters in E3 was not successful and the current optimum 

concentration of CaCl2 and the aligned E3 were not suitable for the culture of clusters without 

significant cell death. It would therefore need further optimisation including alterations to the 

gelator solution to include NaCl (Zhang et al., 2010) and changes in concentration of PA, 

which may reduce the interactions of individual PAs and the cell membranes. The use of the 

aligned E3, would be more likely to allow successful encapsulation as it was less cytotoxic 

than non-aligned E3. If encapsulation in E3 hydrogel was found to be non-toxic due to these 

or other alterations, it could allow for the sequestration of secreted matrix proteins around the 

entire cluster not just under the cluster as shown here.  

 

3.7 Conclusion 

To conclude, this is a novel use of a synthetic hydrogel to selectively capture secreted native 

matrix components through a range of differing charges upon the hydrogels. This work opens 

the door to a culture system that could capture a range of matrix components in a controllable 

manner to direct cell behaviour though the cells’ own ECM. The cell-controlled secretion of 

native matrix components will allow for the creation of a complex environment with the optimal 

ECM and potentially optimal stiffness for the cells to complete a desired behaviour. The use 
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of charge will allow for the sequestration of a large range of ECM components that will more 

accurately represent the tissue or cell niche being modelled.  

 

This pilot study assessed the ability of E3 to encapsulate hiPSC clusters. When the clusters 

were not found to survive when encapsulated, optimisation was completed to culture hiPSCs 

on a range of PA hydrogels with an assumed difference in charge. All the hydrogels provided 

a 2D environment for viable hiPSCs clusters. There was an increase in retained GAGs (CS) 

associated with an increase in lysine residues upon PAs. Importantly there a difference in 

proliferation, cluster attachment to the hydrogel and the migration of individual cells away from 

the clusters, when the clusters were placed on different PA hydrogels. These cellular 

behaviours were altered in the same pattern as the amount of GAG CS captured. The capture 

of secreted native matrix components, specifically GAGs can alter the behaviour of cells 

cultured.  
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Figure 61. Anti-laminin immunostaining upon differently charged hydrogels. 
The laminin staining was not found to be appropriate for inclusion in results due to the lack of 
staining. It was impossible to state whether the lack of staining was true result or due to problems 
during immunostaining. The phalloidin staining (actin) was successful but only present to assist in 
staining. A The assessment of non-specific binding of the secondary antibody. There was no 
evidence of non-specific binding. B there was no presence of the anti-laminin fluorescence on the 
clusters cultured on the FEFEFKFK hydrogel. C The anti-laminin secondary was located around 
single cells on the clusters upon the K2 hydrogel. D There was a negligible level of anti-laminin 
fluorescence of the clusters on the K3 hydrogel. E There was negligible level of anti-laminin 
fluorescence of the clusters on the K4 hydrogel. N = 1. Clusters were cultured for 3 days.  
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