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Abstract 

Mesenchymal stromal/stem cells (MSCs) have considerable potential in the fields of cell 

therapies, tissue engineering, and regenerative medicine. According to clinicaltrials.gov, 

MSCs are employed in more than 700 registered clinical trials as potential treatments. 

However, the clinical application of MSCs is limited by their low prevalence in the human 

body and inefficient methods for large-scale ex-vivo production. During ex-vivo 

expansion, MSCs experience a vastly different environment compared to their natural 

microenvironment (i.e. their niche), and these environmental differences are likely to be 

main drivers for the loss of key MSC properties. In this study, the general aim was to 

investigate the effect of two main components of the MSC niche on decidua-derived 

MSCs (DMSCs) from human placenta during ex-vivo expansion; the extracellular matrix 

(ECM) and extracellular vesicles (EVs). 

Coatings produced from ECM are promising surfaces for the improved ex-vivo expansion 

of MSCs. However, identifying a readily available source of ECM to generate these 

coatings is the bottleneck of this technology. In Chapter 2 of this thesis, ECM coatings 

derived from decellularised fetal membranes were assessed as suitable substrates for MSC 

expansion. The fetal membrane’s two main components, the amnion and the chorion, were 

separated, decellularised and processed further to produce solubilised forms of the 

decellularised amniotic membrane (s-dAM) and decellularised chorionic membrane (s-

dCM). DMSCs were more proliferative, smaller in size (a measure of MSC potency, and 

exhibited greater adopogenic and osteogenic differentiation capacity when cultured on s-

dAM compared to controls. Additionally, long-term culture studies revealed that late 

passage DMSCs (passage 8) cultured on s-dAM had decreased cell diameter over three 
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passages. These data support the use of s-dAM as a substrate for improved MSC 

expansion. 

In addition to the ECM, extracellular vesicles are another important component of the 

MSC niche.  However, the contribution of ECM and EVs has not been explored from an 

MSC expansion point of view.  In Chapter 3, the effect of adding MSC-derived EVs to 

DMSCs cultured on the ECM coatings described in Chapter 2 was assessed. Addition of 

EVs to the DMSCs growing on Matrigel improved their attachment. However, regardless 

of the presence of EVs, DMSCs showed significantly better attachment on s-dAM. 

Furthermore, addition of EVs to DMSCs growing on s-dAM improved DMSC 

proliferation, migration and osteogenic capacity. The total antioxidant capacity of DMSCs 

growing on Matrigel, s-dAM and s-dCM increased, regardless of whether EVs were added 

to DMSCs or not. These data illustrate the relative contribution of ECM and EVs towards 

MSC expansion and show that supplementing the MSC culture with EVs can regulate 

certain MSC properties. 

In addition to issues of large-scale ex-vivo expansion of MSCs, their clinical application is 

limited due to their low survival rates and poor engraftment after delivery. A number of 

factors contribute to these issues including cell damage due to shear stress during 

injection, leakage of cells from the injection site, and lack of appropriate interactions with 

surrounding cells and extracellular matrix. In Chapter 4 of this thesis, s-dAM and s-dCM 

were investigated for their potential to form 3D thermoreversible and injectable hydrogels 

to be used as a cell delivery carrier for MSCs. At 37ºC, both s-dAM and s-dCM formed 

gels at concentrations of 4 and 8 mg/mL. DMSCs growing on s-dAM showed improved 

proliferation, adipogenesis and osteogenesis compared to TCP. Both s-dAM and s-dCM 

had shear thinning properties, and were therefore injectable.  DMSCs embedded in both s-
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dAM and s-dCM had a viability of ~60% after injection and showed improved 

proliferation compared to Matrigel. These data support that the ECM from both s-dAM 

and s-dCM can be processed to produce thermoreversible and injectable hydrogels, and s-

dAM hydrogels promote key properties of DMSCs. 
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Chapter 1. Introduction 

1. 1. Stem cells: Definition and types 

Stem cells are involved in various physiological processes including tissue formation 

during embryogenesis and maintenance and repair of tissues during adulthood [1]. Stem 

cells are defined by two key properties: self-renewal (the ability to duplicate themselves 

from a single cell) and the potential to differentiate into various cell types [2]. Stem cells 

are classified into three major groups, depending on their origin: embryonic stem cells 

(ESCs), induced pluripotent stem cells (iPSCs), and adult stem cell (ASCs). 

ESCs were initially derived from the inner cell mass of blastocysts during gastrulation and 

are able to differentiate to almost any cell types (so called pluripotency), except the 

extraembryonic cell lineages [3]. ESCs replicate and remain in the undifferentiated state 

indefinitely while preserving their key properties of self-renewal and pluripotency. 

However, their application in regenerative medicine is limited due to serious medical and 

ethical controversies. From a medical perspective, ESCs are allogeneic and their 

therapeutic use can lead to an immune response, and ESCs transplantation may result in 

teratoma formation in-vivo [3-6]. From an ethical perspective, harvesting ESCs from the 

inner cell mass of in-vitro fertilised human embryos results in destruction of the embryo 

[4]. As the technology has advanced through decades of research on ESCs, other more 

ethically-acceptable methods such as somatic cell nuclear transfer (SCNT) and ESCs from 

parthenogenesis were developed. However, there have been only a few trials on IVF-

derived ESCs but no trials on SCNT-ESCs, which limits evidence supporting both the 

efficacy and safety of these cell sources [4].  
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Induced pluripotent stem cells (iPSCs) are autologous stem cells with indefinite self-

renewal capacity and the ability to differentiate to almost any cell types, similar to ESCs. 

Shortly after the introduction of iPSCs in 2007, almost all the attention was shifted from 

ESCs to iPSCs [7]. However, most of the concerns surrounding the use of ESCs in clinics 

(as a cell source for cell therapy) are also present with iPSCs. In addition, iPSCs seem to 

preserve the epigenetic information and mutations from the donor and may also have 

mitochondrial malfunction, which decreases the quality of the iPSCs compared to their 

ESCs counterparts [8]. Although further research is needed before human iPSCs can be 

used widely in cell therapies [9-11], human iPSCs are an excellent platform to better 

understand genetic disorders, disease modelling, and drug development [12]. 

The third category of stem cells is adult stem/stromal cells (ASCs), which are present  in 

nearly every tissue in the human body and act as body’s natural tissue repair machinery 

throughout life [13, 14]. ASCs have less differentiation potency than ESCs or iPSCs, as 

they are committed to differentiate into specific lineages (multipotency) and also possess 

limited self-renewal capacity [15]. Among ASCs types, mesenchymal stromal /stem cells 

(MSCs) have gained the most attention in human regenerative medicine field. MSCs are 

defined by the international society for cell and gene therapy (ISCT) (2006) as cells which 

1) adhere to plastic and have a spindle shaped morphology, 2) differentiate into cells of the 

mesodermal lineage (adipocytes, osteocytes and chondrocytes) in-vitro, and 3) express 

CD105, CD73 and CD90 and do not express CD45, CD34, CD14 or CD11b, CD79α or 

CD19 and HLA-DR surface molecules. In 2013, ISCT released a complementary 

statement in which immonumodularity of MSCs was described as another important 

characteristics of MSCs when used in clinical trials [16, 17]. MSCs also form 

clusters/colonies from a single cell, when cultured at very low densities  [1, 18].  
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MSCs are readily isolated from various tissue sources such as bone marrow, adipose 

tissue, dental pulp, placenta and other pregnancy-related tissues [19], or virtually in any 

vascularized tissue in the human body [20]. Additionally, MSCs have the capacity to 

modulate the local immune cell populations in-vivo [21], and in contrast to ESCs and 

iPSCs, no evidence of tumorgenicity has been reported in clinical studies [15]. Therefore, 

MSCs hold a great promise as cell sources in regenerative medicine and cell therapy. 

MSCs are being explored as a treatment for a wide variety of disease states including 

myocardial infarction, graft-vs-host disease, bone defects, Crohn’s disease, and multiple 

sclerosis (Figure 1-1) [14]. According to www.clinicaltrials.gov, more than 700 currently 

registered clinical trials employing MSCs as the cell source, highlighting the potential 

significance of these cells in clinical applications [22].  

 
Figure 1-1 Clinical Application of bone marrow derived MSCs 

Percentages of the common diseases treated with mesenchymal stromal/stem cells as of 2013 

(Image reference: [14]). Reprinted by permission from Springer Nature [License number 

4515720488284] (2019). 

Bone-marrow-derived MSCs are the most investigated source of MSCs, however, invasive 

methods are required to harvest these cells from human bone marrow. Additionally, the 
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quality of bone-marrow MSCs – similar to other tissues – declines with ageing and is 

dependent on the age and general health condition of the donor. Other sources of MSCs 

such as adipose tissue, umbilical cord and placenta have gained attention in the recent 

years [23]. A recent study directly compared MSCs from various sources, and showed that 

MSCs derived from bone marrow, adipose tissue and placenta show similar morphology, 

clonogenic capacity and immunophenotype, but show differences in proliferation and 

differentiation capacity [23]. Their results showed placenta-derived MSCs are capable of 

extended proliferation in-vitro for up to passage 15, as opposed to bone-marrow and 

adipose tissues which become senescence approximately at passage 10 [23, 24]. The 

results on differentiation capacity of MSCs from various sources are conflicting. Heo et al 

(2015) showed that the differentiation capacity of bone-marrow and adipose-derived 

MSCs are full tri-lineage potential, whereas the placenta and umbilical cord-derived MSCs 

had a donor-related variation in osteogenic and adipogenic capacity [23, 25]. Other 

studies, however, have shown that placenta-derived and umbilical cord -derived MSCs 

have full tri-lineage potential [18, 26-29].  

1. 2. Placenta-derived MSCs 

Placenta-derived MSCs are the primary focus of this study because placenta MSCs can be 

easily isolated from discarded tissues, are available in larger quantities than bone-marrow, 

do not require invasive procedures, have less ethical concerns, and the isolated cells often 

originate from young donors. Additionally, MSCs are  immunoprivileged/immunoevasive, 

making placenta-derived MSCs an interesting candidate for both autologous and allogenic 

applications [21, 30]. Placenta MSCs are used as an MSC source in phase I and II trials to 

treat various disease states including stroke, respiratory disorders, and immune disorders. 
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In these studies, the placenta MSCs were generally well-tolerated by patients and 

improved clinical outcomes that were dependent on the dose and the disease state [31].  

1. 3. MSC-based therapies: Current status 

MSCs are increasingly being used as a source for cell therapy and regenerative medicine 

due to the key stem cells properties of self-renewal and differentiation [32]. However, the 

clinical use of MSCs is limited due to the inability to produce large quantities of potent 

MSCs required for cell therapies from the relatively small number of cells that are isolated 

from patient samples. For instance, only 5x102-5x103 MSCs are obtained from a bone 

marrow aspirate, whereas 1-2x108 MSCs are needed for many MSC-based treatments [33, 

34]. This dichotomy in cell numbers necessitates prolonged ex-vivo expansion to obtain 

clinically relevant quantities of cells. 

Conventionally, MSCs are cultured under static conditions on tissue culture plastic (TCP), 

or on a monolayer of an adsorbed protein (usually collagen or fibronectin). However, 

during extensive passaging under these conditions, MSCs lose many of their desired stem 

cell characteristics due to senescence, spontaneous differentiation, or loss of 

differentiation potential [13, 35, 36]. For instance, after passage 4 (about 20-30 

generations) chromosomal instability occurs, more than half the cells stop proliferating, 

and differentiation capacity significantly diminishes. By the time a large enough number 

of cells is produced for therapeutic use, the cell population contains a significant 

percentage of “filler” cells that no longer  possess the required phenotype [37, 38]. 

Several strategies are used to increase the yield of potent MSCs including dynamic cell 

culture in bioreactors and fluorescence-activated cell sorting (FACS) (Table 1-1). 
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However, both of these strategies have serious limitations.  For example, MSCs produced 

through dynamic cell culture exhibit drastic changes to ECM components and 

differentiation potential [36, 39]. Fluorescence activated cell sorting (FACS) is used to 

isolate highly potent MSCs but this requires expensive machinery and results in low cell 

yields [40]. 

Synthetic biomaterials are used as another source of materials to provide MSCs with the 

cues required for their expansion and maintenance of the potency. One of the advantages 

that synthetic polymers offer over natural biomaterials such as ECM or purified ECM-

proteins is control over material properties. Various materials properties including 

mechanical properties (such as stiffness), structural properties (such as surface 

topography, porosity), chemical/biological properties (such as hydrophobicity) are known 

to play role in MSCs properties.  Additionally, using synthetic materials offer the 

opportunity to incorporate various biomolecules to control MSCs properties. The 

bottleneck of using synthetic biomaterials is some degree of biological activity and 

inability to provide the niche complexity, which results in limited control over cellular 

behaviour [41, 42] 
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Table 1-1 Advantages and disadvantages of techniques to produce large quantities of highly potent MSC 

Method Pros Cons References 

Tissue culture 
plastic (TCP)  

• Standard method, 
• Well defined substrate  
• Readily accessible  

• Results in premature cellular senescence  
• Results in uncontrolled differentiation 

[13, 37, 38] 

Adsorbed 
monolayers of single 
or multiple ECM 
components 
 

• Improves desirable stem cell properties 
compared to TCP 

• Difficult to identify the appropriate 
combination of ECM components to 
enhance the desired behaviours  

[13, 35, 36, 43] 

Tissue-derived 
dECM (ex. 
Matrigel)  

• Easily available substrate 
• Improves expansion compared to TCP 

• Expensive 
• Animal-derived 
• Suffers from batch-to-batch variation 

[13, 43, 44] 

MSC-derived 
dECM 

• Maintains desirable stem cell properties 
compared to other ECM materials 
including Matrigel and dECM 
produced by other cell types 

• dECM derived from young donors 
rejuvenates aged MSCs  

• Requires sacrifice of many cells to 
produce dECM 

• Suffers from batch-to-batch variations 
• Difficult to produce large quantities of 

dECM 

[13, 35, 45-52] 

Suspension/Dynamic 
culture 

• Enables expansion of large numbers of 
cells  

• Results in drastic changes to ECM 
production  

• Cells exhibit uncontrolled differentiation 

[36, 39] 

Enrichment by 
fluorescence-
activated cell sorting 
(FACS) 

• Enriches cell population with highly 
functional MSCs 

• Results in isolation of low numbers of 
cells 

• Requires sophisticated and expensive 
procedures 

• Requires cell-specific antibody markers 

[40] 
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Chemically-defined 
substrates 

• Offers control over material properties  
• Offers well-defined substrates 
• Provides possibility to screen various 

biomolecules 

• Results in less  control over cell behaviour 
complex to natural biomaterials 

• Are biologically less complex than ECM 
materials and currently cannot mimic the 
beneficial properties of the native matrix 

[41, 42] 
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In most of these culture systems, MSCs experience a vastly different environment 

compared to the complex, highly specialized, and three-dimensional microenvironment 

they experience in their tissue of origin; their “niche”. This foreign cell culture 

microenvironment is likely to be a primary culprit in the loss of MSCs phenotype during 

ex-vivo expansion. Therefore, developing a culture environment that provides the MSCs 

with key parameters of the niche is a logical approach to maintaining MSC behaviour 

during expansion. 

1. 4. The MSC niche 

Stem cells reside in a unique, complex and dynamic microenvironment that regulates their 

activities, referred to as the stem cell niche. [53, 54]. A typical stem cell niche consists of 

both cellular and non-cellular components. The cellular component of niche comprises the 

stem cell itself; and stromal support cells that interact directly with the stem cell and 

convey signalling to direct stem cells behaviours. For example, MSCs and haematopoietic 

stem cells (HSC) both reside in the bone marrow niche. MSCs express haematopoietic 

stem cells (HSC) maintenance factor such as CXCL12. SFC, IL-7, VCAM and OPN [55]. 

Proliferation of MSCs in the niche, increases the level of HSC maintenance factors and 

therefore contributes to HSCs maintenance [55, 56].  

The non-cellular component of the niche, including extracellular vesicles, secreted protein, 

small molecules, and ions facilitate communication between various components of a 

niche in normal and injury conditions and play a significant role in various signalling 

pathways to regulate stem cells fate decisions [54, 57]. For example, bone marrow is a 

naturally hypoxic environment. The reduced oxygen levels in-vitro, improves the 

proliferation and colony forming capacity of MSCs and enhanced the expression of genes 



Chapter 1: Introduction 

Page 12 

that are associated with pluripotency of stem cells (i.e oct-4 and rex-1) [58]. As another 

example, in pathologic niche, the acute myeloid leukemia (AML) cells in bone marrow 

secrete high levels of exosomes that results in decrease of SFC and CXCL12 in MSCs, 

that leads to mobilization of HSCs, and depletion of HSC in bone marrow [59]. 

Other non-cellular cues from a niche, is the physical attachment to supporting stromal 

cells or to a basal lamina. This physical attachment regulates stem cell behaviour and helps 

maintenance of stem cells within their niche.  For example, it is shown that disruption of 

stem cells connection and the niche cells in D. melanogaster female germ cell results in 

deterioration of stem cells population. This physical attachment between stem cells and 

niche cells/ basement membrane could maintain the number of stem cells  until other 

stimuli affect cell polarity and therefore attachment, and result in cell division [60]. In 

addition to physical attachment of stem cells to the niche cells and/or basement membrane, 

the interaction of stem cells with the extracellular matrix provides cues that direct stem 

cells behaviours.  For example, precise topographical/ structural properties of ECM, 

ECM's stiffness and porosity, and other characteristics of ECM can specify various cell 

fates for the local stem cells [54]. 

These are only a few examples of how stem cell niche can interact with the stem cells and 

direct cell fate decision to show the complexity of the niche. Our understanding on stem 

cell-niche interaction is at the infancy, therefore de-novo production of the niche is not 

possible with our current understanding on the niche. However, instead of re-producing 

the whole niche, we are capable of targeting specific components of the niche that may 

affect stem cells behaviour in-vitro and eventually in clinical settings. Therefore, in this 

thesis, we focused on re-producing the components that are possible contributors to MSCs 

behaviours ex-vivo. 
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MSCs are rare cells found in various niches in almost all organs and tissues in the body. 

During homeostasis, these cells are largely quiescent [54]. When homeostasis is disrupted, 

due to injury for example, MSCs receive various stress signals that activate them from 

their quiescent state and promote MSCs proliferation and mobilization. Some daughter 

cells retain their ability to self-renew, while other cells commit to lineage differentiation, 

which aids the repair process. Signals from the cells’ niche play a key role in controlling 

the balance between MSC quiescence, proliferation and differentiation in native tissues 

[54].  Signals from the niche are conveyed to the cells via niche components including 

nearby cells, soluble factors (e.g. growth factors), extracellular vesicles (EVs), and the 

extracellular matrix (ECM) [61]. Figure 1-2 shows a representative image of the MSC 

niche and the main components of a typical niche. 

 
Figure 1-2 Schematic representative of the main components of the MSC niche 

MSCs reside in a highly specialised environment called the niche. A typical niche consists of three 

important components: 1) Niche cells i.e. all the cell types surrounding MSCs (such as endothelial 

cell in a perivascular niche), 2) the extracellular matrix (ECM) produced by MSCs and the niche 

cells where MSCs reside in, and 3) extracellular vesicles (EVs) secreted by MSCs and other niche 

cells. 
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1.4.1 Extracellular matrix (ECM) 

The ECM is a complex network of biomolecules that provides biochemical, structural, and 

biomechanical cues to MSCs. The diversity in composition of the matrix, the organization 

of biomolecules, the bulk and local mechanical properties of the ECM all elicit various 

responses from MSCs, and these features are reviewed elsewhere [62]. Despite progress in 

understanding cell-ECM interactions and in deconstructing the complexities of the niche, 

translating this knowledge into an effective and fully defined biomaterial for use as an ex-

vivo culture platform for MSCs remains elusive. 

ECM surrounds all adherent cells in body and is a complex network of various soluble and 

insoluble biomolecules including proteins, glycoproteins and glycosaminoglycans 

(GAGs). Historically, the role of the ECM was perceived to be an anchor for cell 

attachment and for defining tissue shape, but there is increasing evidence that the ECM 

regulates cell behaviours [63, 64]. The ECM contributes to cellular functions through 

compositional, structural/organisational and mechanical properties [64-66].  

Naturally-derived materials composed of ECM are introduced as scaffolds to improve 

regeneration of different tissues in both preclinical and clinical studies [67]. ECM-derived 

scaffolds provide one of the key components of the cell niche and regulate various cell 

functions to promote regenerative responses as well as acting as a support for cells during 

tissue reconstruction. Additionally, ECM-derived scaffolds provide regenerating tissues 

with different soluble factors embedded in ECM including growth factors and cytokines 

[64, 67]. Due to the complexity of the ECM, de-novo manufacturing of ECM is not 

possible and therefore, exploiting the properties of decellularised tissues is an emerging 

technique in regenerative medicine. 
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1.4.2 Extracellular vesicles (EVs) 

EVs are secreted by the cells in the niche as an intercellular mechanism of communication. 

EVs vary in size from 40nm-2µm and are secreted by many cell types, including MSCs 

(Figure 1-3) [68]. EVs deliver a broad range of active biomolecules to their recipient cells 

such as ribonucleic acid (mRNA and miRNA), lipids and proteins. Secreted EVs are 

enveloped by a lipid membrane, similar to that of the cell plasma membrane, and formed 

either by direct budding from the plasma membrane (microvesicles, apoptotic bodies and 

oncosomes; size range 100nm-2µm), or by the fusion between multivesicular bodies and 

the plasma membrane, and subsequent release of smaller vesicles (exosomes; size range 

30-150nm)  [69]. EVs are a heterogeneous population that are found in many body fluids, 

and they are secreted by cultured cells into their growth medium [69, 70]. EVs are widely 

studied as potential therapeutic agents, since they can replace whole cells to treat various 

pathology conditions including kidney injury [71, 72], cardiac injury [73], liver fibrosis 

[74], lung disease [75] and skin burns [76]. EVs convey cellular fate decisions through 

interactions between EVs and their receptors on target cells, as well as interactions with 

the extracellular milieu such as ECM components [77].  
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Figure 1-3 Extracellular Vesicles (EVs) 

EVs are secreted by all live cells in-vivo and in-vitro. EVs contain bioactive molecules including 

mRNA, miRNA and intracellular proteins. Two important subtypes of EVs are microvesicles and 

exosomes, which differ in size and biogenesis. Image source: www.bioprocessintl.com 

1. 5. Decellularised extracellular matrix  

Decellularisation is a process where ideally, all the cells and cell-related components are 

removed while the non-cellular components, their composition and ultrastructural 

properties are preserved (Figure 1-4) [78]. The native composition, ultrastructure and 

macroscopic features of ECM, as well as the soluble components of ECMs, will inevitably 

change through the decellularisation process [78, 79]. Two main sources of ECM are 

potentially available for use; cell-derived ECM and tissue-derived ECM. 
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Figure 1-4 Decellularisation process 

During the decellularisation process, ideally all the cellular components of a tissue or cell culture 

are removed, while ideally the structure and composition of the non-cellular components are 

preserved (Image adapted from [80]). Reprinted by permission from Springer Nature [License 

number 4515720240733] (2019). 

Many cells, including MSCs, produce a complex ECM during in-vitro culture. Chen et al. 

hypothesized that the ECM is a superior substrate on which to expand MSCs. To test this 

hypothesis, bone marrow-derived MSCs (BMSCs) were cultured on TCP and then 

decellularised to produce culture plates coated with a biologically complex layer of 

decellularised extracellular matrix (dECM, sometimes also referred to as ‘cell-derived 

matrix’). BMSCs cultured on the dECM substrate showed improved maintenance of their 

stem cell properties including increased colony forming ability, decreased spontaneous 

differentiation, and improved in-vivo bone formation capacity [45]. This seminal paper 

spurred multiple studies of BMSC-derived dECM (BMSC-dECM) with the aim of 

producing substrates for the improved expansion of primary BMSCs. 

On the other hand, ECMs derived from tissues dissimilar to bone marrow, evoke different 

regenerative responses [81]. Many types of tissues from allogenic and xenogenic sources 

have been decellularised [81-83], and the promise of these ECM-based biomaterials is 



Chapter 1: Introduction 

Page 18 

well documented. Specifically, ECM from different tissues evoke regenerative responses 

that reflect their naturally residing stem/progenitor cells [81]. Decellularised allogenic 

tissues are preferable to their xenogenic counterparts.  For instance, allografts have a 

higher chances of receiving approval from regulatory organisations such as the Food and 

Drug Administration (FDA) due to the absence of α-gal epitopes in human-derived tissues 

[84]. However, the allogenic tissues are often only available in limited supply. Therefore, 

finding a readily available human tissue that produces useful ECM-based biomaterials will 

have a great impact in the translation of this technology from bench to the bedside. 

Optimising the decellularisation process and generating procedures that allow the ECM 

materials to be produced under good manufacturing process (GMP) conditions is the focus 

of ongoing research [78]. Various protocols are used for tissue decellularisation, but it is 

highly likely that the decellularisation must be optimised according to the specific 

properties of the tissue of origin, as well as the specific needs of the therapeutic 

application intended for the decellularised tissue. Unique properties of human fetal 

membranes (see 1. 6), made them attractive candidates for decellularisation in this study. 

Below, the various contemporary decellularisation methods used for fetal membranes are 

presented, as well as sterilisation methods that are necessary prerequisites to the use of 

decellularised membranes in regenerative medicine. 

1.5.1 Decellularisation Methods 

Decellularisation methods have been developed for various tissues according their specific 

properties. These methods are categorised into physical and chemical/biological 

decellularisation.  Physical decellularisation comprises freeze-thaw cycles, agitation and 

physical detachment (scraping), pressure gradients and exposure to supercritical fluids. 
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Chemical/biological decellularisation consists of treatment with alkalines, acids, 

detergents, alcohols, enzymes and chelating agents [85]. 

Chemical/biological decellularisation methods are generally harsher and hence 

dramatically affect ECM properties. On the other hand, harsh treatments ensure efficient 

cell removal compared to milder physical methods [78]. Because of the importance of 

efficient cell removal, Badylak et al. have defined three minimal criteria that ensure the 

effective decellularisation: 

a. Less than 50 ng dsDNA per mg ECM dry weight should be present (using 

PicoGreen®, propidium iodide, or bisbenzimide/Hoechst stain). 

b. DNA fragment length should be less than 200 bp, as determined by gel 

electrophoresis. 

c. There should be no visible nuclear material in stained tissue sections [86]. 

The initial step of both chemical and physical decellularisation processes is the use of a 

chelating reagent such as ethylenediaminetetraacetic acid (EDTA), or enzymes such as 

trypsin, that loosen the tissue and make the cells more accessible. Hypotonic buffers are 

occasionally used to swell the cells and further increase their accessibility [87-90]. 

In physical decellularisation, epithelial cells are removed by scraping them from the 

human fetal membranes [91-94]. Lysing cells through repetitive freeze/thaw cycles is 

another physical approach commonly used [79, 95]. Thorough removal of cellular matter 

involves enzymatic reagents (including DNase and RNase) to remove nucleotide residuals 

[95], or osmotic pressure applied to the cell surface by exposure to concentrated sodium 

chloride (NaCl) to disrupt cell membranes and nuclear components [79]. 
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In chemical/biological decellularisation, the most common approach is to employ a 

detergent to solubilize cytoplasmic membranes, lipids and DNA. Sodium dodecyl sulphate 

(SDS), an anionic surfactant, is the most commonly used detergent [87-90]. However, 

SDS is cytotoxic [79] and any remnants of SDS may have adverse effects on cells that will 

be in contact with the decellularised membranes [78]. Therefore, a milder non-ionic 

detergent (e.g. Triton X-100) is often combined with lower concentrations of SDS [96]. As 

with physical methods, a final step of DNase and RNase treatment results in more efficient 

removal of residual cellular nucleic acids [87, 88, 90]. 

Dehydrating the cells is another popular approach used to decellularise fetal membranes. 

Briefly, after exposure to trypsin/EDTA to selectively disrupt cell adherent proteins and 

detach cells from their ECM, cells are dehydrated in glycerol [97]. Once decellularisation 

is complete, the decellularised fetal membranes must be sterilized. 

Table 1-2 summarises the mechanism(s) of action of the methods used to decellularised 

fetal membranes and presents the advantages and disadvantages of each method. However, 

studies rarely report direct comparisons of multiple decellularisation methods. Therefore, 

more studies are needed to generate a consistent optimal decellularisation protocol for 

fetal membranes and their subsequent applications in TERM. 

1.5.2 Sterilization methods  

The Food and Drug Administration (FDA) categorizes xenograft and allograft 

decellularised tissues as medical devices which requires terminal sterilization prior to 

clinical use [78]. Different sterilisation methods are approved by FDA including dry heat, 

ethylene oxide exposure, and ionising irradiation. Additionally, there are other established 

methods but they are not FDA-recognized, such as hydrogen peroxide exposure 
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(www.fda.gov). These sterilisation methods are harsh and are likely to degrade dECM 

components. Fetal membranes demand a milder sterilization method because they are thin 

and thus a lower penetration depth for sterilization is required. Commonly used methods 

for fetal membrane sterilisation are UV exposure [96], incubation in antibiotic containing 

buffer [91] and peracetic acid treatment [79, 87, 88, 90]. These sterilisation methods are 

categorised as newly developed methods in FDA guidelines, which are not yet determined 

to be adequate for terminal sterilisation (www.fda.gov). Among these newly developed 

sterilisation methods, peracetic acid is the more favoured option because it is not only a 

disinfectant but also an agent for removing residual nucleic acid and a means of increasing 

the efficiency of decellularisation with minimal effects on proteins.  

A significant limitation in developing Good Manufacturing Procedures (GMP) for fetal 

membrane-derived dECM is the lack of consensus with regard to decellularisation and 

sterilisation protocols. Translating the dECM platform into a clinically relevant procedure 

requires further comparative studies to optimise the protocols with clinical grade reagents 

and with optimised, minimal incubation times to avoid contamination. Additionally, 

simple and reproducible analyses are required to assess the efficiency of decellularisation 

and the quality of the dECM. 
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Table 1-2 The mechanism(s) of action, as well as the advantages and disadvantages of the current decellularisation methods. 

Decellularisation Methods 
(chemical/reagent) 

Mechanism of Action Pros + Cons - 

Chelating agent (EDTA) 
Disruption of cell adhesion to 
ECM 

Improvement in penetration of 
the other reagents 

Ineffective when used alone 

Hypotonic buffer 
Osmotic shock to rupture cell 
membrane 

Minimal effect on protein 
structures 

Ineffective when used alone 

SDS (anionic detergent) 
Solubilize cell membrane High efficacy in cell removal • Harsher than non-ionic detergents with 

greater disruption in protein structure 
• toxic residues 

Triton X-100 (non-ionic 
detergent) 

Solubilize cell membrane (lipid-
lipid interaction disruption), 
disrupts DNA-protein 
interactions 

Low impact on the protein 
structure 

Less effective than other detergent –based 
methods  

Nucleases (DNase and 
RNase) 

Breaking down nucleic acids  Shorter overall treatment time Difficult to remove after decellularisation  

Enzyme (Trypsin) 
Disruption of cell-ECM 
interactions 

Improvement in penetration of 
other chemicals 

• Leads to lower mechanical strength by 
affecting collagen structure 

• slower than detergent-based method 

Thermal Shock 
Rupture of cell membranes • Fast 

• minor disruption in proteins 
Ineffective when used alone 

Mechanical disruption 
Rupture of cell membranes • Fast • Ineffective when used alone 

• disrupts protein structure  

Alcohol (such as glycerol) Dehydrating ad lysing the cells  Disruption of dECM ultrastructure 
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1. 6. Fetal membranes: Naturally-derived biomaterials 

To further develop the dECM technology, it is important to find a readily available human 

tissue source with minimal ethical concerns. In seeking a human tissue source to produce 

cell growth substrates, human fetal membranes were an attractive option. The fetal 

membranes envelope the fetus and amniotic fluid during pregnancies and, along with other 

birth-associated tissues, are discarded postpartum (Figure 1-5) [22, 88]. In the following 

sections, important aspects of the structure and properties of human fetal membranes are 

summarised, the various stem cell populations harboured in human fetal membranes are 

described, and a brief history of the use of fetal membranes as biomaterials is presented. 

 
Figure 1-5 Human fetal membranes 

Human fetal membranes are thin layers of tissues surrounding the fetus and the amniotic fluid 

during pregnancy. Image adapted from www.hopkinsmedicine.org. 
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1.6.1 Structure and properties of term fetal membranes 

Fetal membranes are comprised of two components that can be readily separated 

physically; the amnion and chorion. The amnion is an avascular tissue that is most 

proximal to the fetus, comprising a single layer of amniotic epithelium, which is in direct 

contact with amniotic fluid [22, 90] and an underlying stromal layer (Figure 1-6) [98]. 

The chorion surrounds the amnion and consists of four layers that are shown in Figure 

1-6. Underlying the chorionic stroma is the firmly attached maternal decidua parietalis  

[22]. For this thesis, the chorionic stroma and attached decidua are referred to as the 

choriodecidua. Thus, the fetal membranes are complex, multilayered structures of fetal 

origin that are firmly attached to the maternal decidua parietalis. 

 

 
Figure 1-6 Schematic depiction of fetal membranes and different sections 
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 (A) A placenta with the fetal side facing up and the umbilical cord attached. Fetal membranes are 

a thin flat sheet attached to the placenta bed on one side and form a sac that surrounds the fetus and 

amniotic fluid on the other side. (B) Fetal membranes comprise two membranes; amnion and 

chorion. Amnion consists of four different layers, a layer of epithelium cells (a), attached to an 

underlying basement membrane (b), a dense compact layer underneath (c), and finally a layer of 

dispersed fibroblasts (d). Chorion consists of four layers, a narrow fibroblast layer (f), a reticular 

layer (g), a pseudo-basement membrane (h) and a layer of cytotrophoblast cells of varying 

thickness (i) with an underlying decidua parietalis (j). Dash line shows the weak point where the 

amnion and choriodecidua can be split apart (e). 

1.6.2 Stem cells in fetal membranes 

Fetal membranes harbor several relatively unexploited stem/progenitor cell types. Fetal 

membrane-derived stem/progenitor cells include human amniotic epithelial cells (hAECs), 

human amniotic mesenchymal stromal/stem cells (hAMSCs), human chorionic 

mesenchymal stromal/stem cells (hCMSCs), and decidua parietalis mesenchymal 

stromal/stem cells (DPMSCs) [99, 100]. Fetal membranes-derived stem/progenitor cells 

have distinctive properties that differentiate them from many other sources. First, they 

originate at early stages of embryonic development, and maintain their pluripotent 

characteristics even when they are isolated from term placentae [101]. Second, these 

stem/progenitor cells are present in different niches in fetal membranes, which includes 

both perivascular and avascular niches [102]. Third, DPMSCs are of maternal origin, 

whereas all other stem/progenitor cells in fetal membranes are of fetal origin. Finally, 

stem/progenitor cells from fetal membranes (and other placenta and birth-associated 

tissues) have advantageous immunomodulatory properties compared with other sources of 

MSCs [103]. The properties of fetal membrane-derived stem/progenitor cells are 

comprehensively reviewed elsewhere [6, 22, 99, 101]. 
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The different MSC niches in fetal membranes are of particular interest because studies 

show that expanding MSCs on dECM derived from bone marrow MSCs, affects a wide 

variety of MSC properties including cell adhesion, proliferation, differentiation and 

expression of stemness markers [85]. In contrast, MSCs grown on dECM derived from 

non-stem cell sources such as human neonatal dermal fibroblast, or on extracellular matrix 

from mouse sarcoma tissue (Matrigel®), did not show similar effects [13, 46].  Fetal 

membranes have distinct advantages over bone marrow MSCs as sources of dECM in 

terms access, abundance and yield of MSCs. However, equally important is that MSCs 

from different fetal membrane niches (i.e. maternal and fetal, vascular and avascular) 

produce dECM that supports MSC expansion in different and potentially beneficial ways 

to that of dECM derived from bone marrow [104]. 

1.6.3 Historical application of fetal membranes as biomaterials 

Fetal membranes are promising biomaterials because they are inexpensive, readily 

available [97] and the supply is virtually unlimited with an annual global production of 15 

million square metres per year [105]. Other desirable properties of fetal membranes for 

regenerative medicine applications include their minimal inflammatory responses and scar 

formation [87, 88], biostability, vasoactivity, thromboresistance [79] and antibacterial 

properties [87]. 

Fetal membranes, predominantly the human amnion (AM), have been used as a 

biomaterial for over 100 years. The first application for fetal membranes was a skin 

replacement for burn and ulcer injuries in the early 20th century [98, 106]. Since then, 

fetal membranes have been used to treat different skin pathologies (including burns and 

diabetic and bedsore ulcers) with improved re-epithelization as well as reduced pain and 
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scarring [88, 107]. Fetal membranes were also used to treat various ocular pathologies 

including chemical burns [107, 108], scleral thinning and bullous keratopathy [109], for 

vaginal reconstruction in cases of agenesis or after vaginectomy, as a graft in congenital 

absence of the vagina [110], and for dental defects [109]. Other uses include cartilage 

repair [111], as a physical barrier to replace defective peritoneum, and for the prevention 

of adhesion of intra-abdominal organs to the uterus and pelvis [112]. More recently they 

were used as scaffolds for peripheral nerve regeneration [113]. 

When intact membranes are implanted into the majority of tissues, they induce an immune 

response [90, 114]. For example, when intact fetal membranes were implanted in a mouse, 

a fibrous capsule was found surrounding the implanted fetal membranes, which was  

indicative of an immune response [90]. This adverse immune response necessitated 

decellularisation of the membranes.  Indeed, the non-cellular components of tissues are 

well tolerated, even when used as a xenograft [83]. When decellularised membranes are 

used, the thickness of the fibrous capsule reduced significantly and the host tissue showed 

significantly more integration with the implanted membrane [90]. Therefore, 

decellularisation of tissue is an appealing strategy for minimising inflammatory responses. 

Moreover, by removing cells, the extracellular matrix (ECM) components are  more 

exposed [93], which promotes increased cell-ECM interactions, results in more efficient 

cell attachment [94], and stimulates different cell behaviours [88, 93, 94]. 

1. 7. Applications of decellularised fetal membranes 

Decellularised fetal membranes have various applications in regenerative medicine. As 

such, fetal membranes are processed differently according to the application. Below, some 

of the more common applications of fetal membranes are reviewed (Figure 1-7). 
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1.7.1 Growth surfaces to enhance stem cell properties 

Decellularised fetal membranes affect the differentiation potential and maturation of 

MSCs. MSCs grown on decellularised fetal membrane surfaces show greater potential for 

osteogenesis and adipogenesis depending on which side of the decellularised fetal 

membranes they grow, when compared with MSCs grown on tissue culture plastic (TCP). 

The stromal side of decellularised AM (dAM) promotes differentiation into hard tissues 

such as bone, whereas the epithelial side of dAM promotes differentiation into soft tissues 

such as adipose and hepatocytes. The diverse behaviours of MSCs on the different sides of 

fetal membranes are most likely due to the different origins of the fetal tissues (i.e. fetal or 

maternal), their formation at different stages of embryogenesis and different ECM 

components and/or structure [115]. 

Fetal membrane decellularisation studies primarily focus on dAM, while the decellularised 

choriodecidua attract little attention. The likely reason is that physically separating the 

fetal membranes allows the preparation of fetal amnion-derived hAECs and hAMSCs 

without significant contamination from choriodecidual MSCs (i.e. comprising fetal 

hCMSCs and maternal DPMSCs). However, for dECM, the choriodecidua represents two 

alternate growth surfaces from different origins (i.e. the chorionic surface and the decidua 

parietalis surface), since the decellularisation process destroys all intracellular 

components. The maternal decidua parietalis is the only vascularised component of the 

fetal membranes, which makes it an attractive source for the production of decellularised 

materials that could potentially contribute to angiogenesis in tissue engineering 

applications where vascularization would be advantageous. 
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For bone tissue engineering applications, the potential of MSCs from different sources (i.e. 

rat bone marrow [96], human periodental ligament [89] and human dental apical papilla 

[91]) to differentiate into the osteogenic lineage, was investigated on decellularised fetal 

membranes. At day 21, MSCs treated with osteogenic-induction medium showed 

significantly higher alkaline phosphatase (ALP) activity (a marker for early osteogenic 

differentiation), osteogenic gene expression (i.e. osteocalcin), and mineralization, when 

grown on dAM compared with growth on TCP [96]. 

MSCs from periodental ligament were transferred as a cell monolayer onto dAM (called 

MSCs:dAM), then the MSCs:dAM was transplanted into maxillae of rats with a 

periodontal defect. After 4 weeks, the extent of the defect was reduced in rats with 

MSCs:dAM relative to controls with dAM alone, and there was evidence of increased 

bone formation. Following histological examination, there was more newly formed 

cementum in rats with MSCs:dAM than the controls with dAM alone [89]. The advantage 

of the dAM over other commonly used materials (e.g. hydroxyapatite, tricalcium 

phosphate and collagen gels) is that the dimensions of dAM, which are derived from a 

sheet of fetal membranes, are readily adjustable and can be tailored to fill irregular-shaped 

defects while maintaining cell viability [89]. 
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Figure 1-7 Application of decellularised fetal membranes in tissue engineering 

Schematic summarising how decellularised fetal membranes are used in tissue engineering and 

regenerative medicine. After decellularisation, fetal membranes can be used as: two-dimensional 

surfaces to expand cells or study various microenvironments based on the side that is exposed to 

cells, three-dimensional scaffolds in a rolled hollow or solid tube, and multi-layered laminated 

structures. Also, decellularised fetal membranes can be lyophilized to yield microparticles for cell 

delivery. Solubilising the decellularised fetal membranes is also an interesting avenue for research. 

Following solubilisation, dECM forms more uniform two-dimensional substrates and can be used 

to produce more complex three-dimensional structures such as hydrogel and fibers. 
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Young et al. showed that human MSCs from dental apical papillae respond differently 

when grown on the diverse microenvironments generated by decellularised fetal 

membranes [91]. Neither side of dAM (i.e epithelium or amniotic stroma) promoted 

proliferation compared with TCP. However, alkaline phosphatase (ALP) activity of MSCs 

expanded on both sides of dAM was significantly higher than TCP, with and without 

stimulation to differentiate by osteogenic-induction medium. ALP mRNA levels increased 

on the amniotic stromal side of the dAM compared to the epithelial side of the dAM, 

showing that the amniotic stromal side of the dAM is more effective in promoting 

osteogenesis [91]. These data provide evidence for non-cellular drivers of osteogenesis; 

however, the identity of these factors and the mechanism by which they act requires 

further investigation. 

The epithelial side of the dAM has a potential application for soft tissue engineering since 

it promotes the differentiation/maturation of adipose tissue-derived MSCs into hepatocyte-

like cells (HLCs). HLCs seeded on the epithelial side of the dAM were spheroidal, display 

abundant villi and were smaller in size when compared with cells differentiated on 

collagen type I-coated controls, which were flatter and exhibited sharp edges. 

Immunofluorescence staining for the hepatocyte marker MRP2, showed higher expression 

of MRP2 in HLCs seeded on the epithelial side of dAM compared with collagen type I-

coated plates [97]. HLCs seeded on dAM and incubated with hepatic-induction media, 

showed higher mRNA expression of functional markers of hepatic metabolism (i.e. 

CYP3A4, CYP7A1, and CYP2B6) when compared with HLCs cultured on TCP, or on 

collagen type I, or primary human hepatocytes. HLCs expanded on dAM were then 

implanted in mice with acute liver injury. At day 3 post-implantation, HLCs initially 

grown on dAM, were integrated into murine livers, and at day 56 post-implantation there 
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was formation of vessel-like structures. Integrated HLCs were functionally mature and 

able to metabolize the test drug [97]. 

1.7.2 Scaffolds and cell delivery 

One of the most promising features of dAM-derived biomaterials is the variety of 

structures dAM can form as a scaffold, from a single layer of dAM for cell expansion to 

more complex three-dimensional scaffolds. Furthermore, dAM-derived biomaterials can 

be processed into microparticles for cell/drug delivery (summarised in Figure 1-7), while 

maintaining their bioactivity.  

Cell responses to two-dimensional decellularised fetal membranes vary depending on the 

cell types and the side of the membrane that is in contact with the cells. The stromal side 

of the dAM does not encourage proliferation of human dermal fibroblast and keratinocytes 

[90].  However, smooth muscle cells proliferate at higher rates, as measured by their DNA 

content [79]. The epithelial side of the dAM, on the other hand, facilitates the migration of 

corneal epithelial cells growing on the matrix [88] and in another study it promoted the 

maturation of corneal epithelial progenitor cells, as judged by the increased expression of 

K3 (i.e.  an epithelial cell differentiation marker) compared to intact AM (iAM) [93]. The 

mechanisms by which different sides of fetal membranes evoke these different cell 

responses are poorly understood. Indeed, the differences in preparation of the fetal 

membranes, and the bioactivity of the decellularized membranes, may be responsible for 

the varied experimental outcomes described above.   

Fabricating more complex three-dimensional structures is a contemporary challenge in 

tissue engineering. McFetridge et al. suggested fabricating laminated multi-layered 

membranes to form three-dimensional structures in contrast to the more commonly used 
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two-dimensional membranes [79]. They fabricated a 5-layer scaffold by rolling smooth 

muscle cell (SMS)-seeded membranes around a rod with the stromal surface facing the 

SMSs. Expression of SMC phenotypic markers (i.e. α-actin, SM22 and Col I) was 

increased in cells grown on rolled scaffolds compared with two-dimensional dAM [79]. 

Another study employed partially decellularised amniotic membranes (p-dAM) that were 

rolled into a tube with the epithelial side forming the inner surface. These rolls were then 

implanted into a rat with sciatic nerve injury [113]. After 4 months, there was a significant 

improvement of sciatic nerve repair and they observed the tube was filled with nerve 

tissue, with evidence of neovascularization, and the grafts were well-integrated into the 

surrounding nerve tissues. Furthermore, the total number of neurons in the sciatic nerve of 

the rats receiving p-dAM was similar to the rats that received an autograft (autografts are 

the current “gold standard” in nerve reconstruction) [113]. 

Fetal membranes can also be used as microparticles for cell delivery. After lyophilisation, 

dAM was homogenised and filtered to achieve uniform sized microparticles of 300-600 

µm. Then, epithelial stem cells (EpSCs) and the dAM microparticles were injected into a 

rotary culture system to load EpSCs (EpSCs-loaded/dAM microparticles). The 

proliferation rate of EpSCs-loaded/dAM microparticles was higher compared to EpSCs 

seeded on collagen type IV coated plates. EpSCs-loaded/dAM microparticles were then 

transplanted into mice with a skin defect. Two weeks after transplantation, a thin new 

epidermis formed in defects transplanted with EpSCs-loaded/dAM microparticles. After 4 

weeks transplantation, multiple layers of epidermis were observed in defects transplanted 

with EpSCs-loaded/dAM microparticles compared to the defects without any treatment 

[95]. 
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Another unique application of fetal membranes is as a barrier that separates newly-

forming tissues from surrounding tissues. In bone repair, barrier membranes are used to 

promote bone regeneration by preventing fibroblast invasion, and to increase the stability 

of bone grafts. Li et al. suggested using dAM as a barrier in rat tibia defect models, to 

assist titanium implants in bone repair. Titanium screws were implanted in the rat tibia 

defect with and without dAM as a barrier. Six weeks after implantation, the total bone 

tissue areas were similar with and without the dAM barrier. However, with the dAM 

barrier, the osseous tissue was evenly distributed in the defect area and the osteoblasts of 

surrounding tissue were in the proximity of the newly formed bone. These results 

suggested the dAM barrier contributed to better activation of the bone formation process 

and better integration of the screw into the host bone [96]. 

Decellularised fetal membranes can form various complex 2D or 3D scaffolds and 

particles of different sizes. This is particularly interesting for TERM, since toxic, solvent-

based manufacturing methods are not required to produce these structures, and at least 

some of the bioactivity of materials is maintained. The next challenging step for this 

platform will be the production of solubilised, active forms of decellularized membranes. 

These will enable the production of materials with tailored properties, such as hydrogels 

with different mechanical properties. Moreover, they will allow the use of advanced 

scaffold manufacturing techniques such as bioprinting or electrospinning to create even 

more complex structures. In this study, the aim was to investigate the feasibility of 

producing soluble forms of fetal membranes to produce growth surfaces and produce 

injectable hydrogels for cell delivery purposes. In addition to the use of fetal membranes, 

as ECM replication for ex-vivo expansion of DMSCs, the effect of EVs produced in-vitro 

was also examined in this study. 
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1. 8. Thesis outline 

The general aim of this work is to develop a platform for improving the ex-vivo expansion 

of MSCs and localised delivery of MSCs.  The specific hypotheses and aims are listed 

below. 

In Chapter 2: 

Hypothesis: The ECM from decellularised and solubilised fetal membranes can be used to 

produce coatings that will improve key properties of DMSCs during expansion. 

Aims: 

• Optimise the decellularisation of fetal membranes (amnion and chorion, dAM and 

dCM). 

• Further process the decellularised fetal membranes into soluble forms (s-dAM and 

s-dCM). 

• Measure key DMSC behaviours on s-dAM and s-dCM. 

In Chapter 3, 

Hypothesis: Addition of MSC-derived EVs will work cooperatively with ECM coatings to 

improve key DMSCs properties during expansion. 

Aims: 

• Isolate and characterise EVs from MSC conditioned medium. 
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• Measure key DMSC behaviours on various surfaces (s-dAM, s-dCM and controls) 

in presence and absence of added EVs 

 

In Chapter 4, 

Hypothesis: Solubilised fetal membranes can be used to form injectable and 

thermoreversible gels with potential for localised MSC delivery. 

Aims: 

• Produce and characterise thermoreversible, injectable hydrogels from s-dAM and 

s-dCM. 

• Measure key DMSC behaviours when growing on these 3D hydrogels, and when 

embedded in the hydrogels.
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Chapter 2. The effect of solubilised, decellularised 
fetal membranes on the growth of DMSCs 

2. 1. Schematic overview 

 

 
Figure 2-1 Schematic overview of chapter 2 

The aim was to produce solubilised, decellularised fetal membranes and compare DMSC 

behaviour on these surfaces compared with the controls (TCP and Matrigel) 

2. 2. Publication  
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2. 3. Supplementary Information 
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Chapter 3. Extracellular Vesicles Support 
Improved Expansion of DMSCs on Fetal 
Membrane-Derived Extracellular Matrix 

3. 1. Introduction 

Adult mesenchymal stromal/stem cells reside in a niche that plays a pivotal role in 

regulating their behaviour.[116]. The MSC niche regulates a range of key MSCs 

behaviours, and comprises both cellular components (MSCs themselves, and their 

neighbouring cells) and non-cellular components such as the extracellular matrix (ECM), 

soluble signalling factors, and blood vessels that transport systemic signals [54]. 

MSCs possess characteristic stem cell-like properties of self-renewal and differentiation, 

making these cells a promising source for cell therapy and regenerative medicine 

applications [32]. However to meet clinical demands, these cells require extensive 

expansion of cell numbers through ex-vivo cell culture, which frequently occurs on 

polystyrene culture plastics (TCPs) [116]. Upon cell expansion on TCPs, MSCs 

experience a vastly different environment to their niche, which adversely affects their key 

stemness properties and this restricts their clinical applications [117, 118]. Therefore, 

replicating the MSC niche in cell culture may overcome this limitation. 

Chapter 2 provided evidence of a beneficial effect of decellularised ECM (dECM) on 

decidual MSCs (DMSCs) behaviours, which included increased proliferation, increased 

differentiation capacity, and reduced cell size over both single and multiple passage 

expansion of DMSCs in culture. Here, the effect of another key component of the MSC 

niche on ex-vivo expansion of MSCs is investigated; extracellular vesicles (EVs). The 
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general aim of this part of the study was to determine whether providing two components 

of the MSC niche (i.e. EVs and ECM) to MSCs in culture affects their behaviour, and 

specifically on growth and functional properties. Provision of these components may 

provide cell with key components of  the MSC niche and result in more efficient ex-vivo 

expansion of MSCs, as well as providing higher quality MSCs (i.e. functionally more 

active) for therapeutic applications. 

3. 2. Materials and Methods 

3.2.1 Cell culture 

Primary DMSCs were isolated from the maternal decidua basalis that remains attached to 

the human term placenta after delivery and characterized to ensure purity and phenotype, 

as previously described in chapter 2 (see section 2. 2). DMSCs were maintained in α-

MEM medium (Sigma-Aldrich) supplemented with 10% newborn calf serum, 1% 

penicillin/streptomycin and 2 mM L-glutamine (growth medium) and kept at 37ºC and 5% 

CO2. Primary DMSCs were used at passage 3-4 for the experiments. 

Newborn calf serum contains calf EVs, which could potentially confound experimental 

results that employ human EVs. Therefore, experiments were conducted in EV-depleted 

starvation medium (i.e. α-MEM medium supplemented with 1% EV-depleted newborn 

calf serum). Calf EVs in newborn calf serum were depleted by overnight 

ultracentrifugation at 100,000xg, 4°C.  Growth medium was also supplemented with 1% 

penicillin/streptomycin and 2 mM L-glutamine [119]. Medium and supplements were 

purchased from Gibco®, Life Technologies unless stated otherwise. 
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3.2.2 Fetal membrane preparation 

Fetal membrane decellularisation was performed as previously reported in chapter 2 (See 

section 2. 2). Solubilised fetal membranes and Matrigel (Corning) were diluted in 10X 

PBS to a final concentration of 0.5 mg/mL. The concentrated PBS was used to maintain 

the molarity of the solution at the normal levels suitable for cells. Tissue culture plastic 

plates were coated under sterile conditions with 150 µL/cm2 of fetal membrane-derived, 

solublised ECM and Matrigel and 10X PBS for 3 hours at 37°C, and the solution were 

then removed by aspiration. 

3.2.3 Extracellular Vesicle Isolation 

Extracellular vesicles (EVs) were isolated from DMSCs at passage 3 or 4 as described in 

the  literature [120]. Briefly, DMSCs were cultured in growth medium until reaching 70% 

confluence. Growth medium was then replaced with EV-depleted growth medium, and 

after 48 hours the conditioned medium was collected and centrifuged at 300g for 10 

minutes at 4°C. The supernatant for each sample was then centrifuged at 2000g for 10 

minutes at 4°C, filtered through 0.22 µm syringe filter (Merck) and centrifuged again at 

100,000x g for 2 hours at 4°C. The pellet for each sample was resuspended in 5μl PBS per 

1ml of initial growth medium volume and stored at -80°C until required. DMSC-EVs 

isolated from at least five different patient samples were pooled and subsequently used for 

experiments. 

3.2.4 Characterizing DMSC-EVs: 

a. Quantification of DMSC-EVs 

Protein concentration was assessed using the Bicinchonic Acid (BCA) protein assay kit 

(Pierce), according to the manufacturer’s protocol, with minor modifications. The DMSC-
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EV suspension in PBS (1 µL) was mixed with 50 µL of radioimmunoprecipitation assay 

(RIPA) buffer (1:50 ratio) to lyse DMSC-EV membranes and release the protein. Working 

reagent (1:8 ratio, sample to working reagent) was added to each sample and then samples 

were incubated at 60°C for 30 minutes. Protein absorbance was measured at 562 nm 

(Nanodrop 2000; Thermo Scientific) and the protein concentration for each sample was 

calculated against a linear plot of bovine serum albumin (BSA) standards. 

b. Transmission Electron Microscopy 

DMSC-EVs were diluted in 10 µL diluent/mL of initial conditioned medium and then 

fixed with 1.5 % paraformaldehyde overnight at 4°C. DMSC-EVs were then applied to 

glow-discharged 200 mesh copper grids coated with Formvar carbon film for 5 min. Grids 

were then washed with PBS, stained with 1.5% uranyl acetate and visualized with a JEOL 

1011 Transmitted Electron Microscope.  

c. EV Size 

DMSC-EV samples isolated from conditioned medium (n=5) were pooled and diluted 

(~106-107 particles/mL) using milliQ water at 150 µL diluent/mL of initial conditioned 

medium. Particles were assessed using the Nanosight NS300, using a 405nm wavelength 

laser and a syringe speed of 40 (Nanosight arbitrary unit; AU). For each sample, three 60-

second videos were recorded collected and ~ 1500 frames/video were analysed using NTA 

3.2 software. 

d. Western immunoblotting 

In a final volume of 15 µL, 30 µg protein was prepared in Tris buffered saline (TBS: 20 

mM Tris, 150 mM NaCl, pH 7.6) 4X sample buffer (Bio-Rad) and 20X XT reducing agent 

(Bio-Rad). Samples were heated (95°C for 5 min), then and cooled for 5 min and loaded 
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on XT criterion 4-12% Bis-Tris gel (Bio-Rad). Standards (2 µL of dual colour precision 

plus standard were loaded to the gel. Samples were electrophoresed in XT MOPS running 

buffer (Bio-Rad) at 80V for 10 min, followed by 120 V for 2 hours. Samples were then 

transferred to polyvinylidene difluoride (PVDF, Roche) membranes by electroblotting for 

1 hour at 100 V at 4°C. Membranes containing transferred protein were washed in TBS 

and blocked for non-specific binding sites in 5% (w/v) skim milk powder diluted in TBS 

for 1 hour at room temperature, followed by incubation with primary antibody at 4°C 

overnight. Rabbit anti-human tumor susceptibility 101 (Tsg 101) polyclonal antibody (2 

µg/mL) (Sigma) diluted in 2.5% (w/v) skim milk in TBS, was used as a marker for EVs. 

To confirm that non-specific binding was not occurring, a sample without added primary 

antibody was included. Membranes were washed 3 x 5 min in TBS with 0.1% (v/v) Tween 

20 (TBS-T) and incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG 

(Sigma) diluted to 5 µg/mL in 2.5% (w/v) skim milk in TBS for 1 hour at room 

temperature. Membranes were washed 3 times in TBS-T and protein detected using 

Clarity Western ECL Substrate (Biorad). Blots were scanned using a LAS4000 imager and 

analysed with ImageQuant Software (GE Health).  

3.2.5 Bioactivity Assays 

To test the bioactivity of DMSCs in presence of DMSC-EVs and ECM, TCPs were coated 

with 0.5 mg/mL of each dECM and PBS 10X for the TCP control for 3 hours at 37ºC. 

Then, the solution was replaced by the starvation medium (see 3.2.1), in presence or 

absence of DMSC-EVs. Finally, DMSCs at the seeding density relevant to each 

experiment were seeded. A schematic overview of the experiments is presented in Figure 

3-1.   
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a. DMSC-EV concentration optimisation 

An xCELLigence RTCA System (ACEA Biosystems) is established real-time functional 

assay system that indirectly measures cell numbers [121]. The specialised xCELLigence 

plates (i.e. E-Plates) are designed so that when the electrodes are in contact with the 

electrically conductive solution, the magnitude of the impedance is the lowest. The 

presence of cells at the bottom of the wells increases the impedance. The magnitude of this 

impedance correlates with cell number and is referred arbitrarily as “cell index”. For this 

study, 6x103 DMSC cells/cm2 were seeded in a 96-well E-plate with varying 

concentrations of DMSC-EVs (0, 50, 100, and 250 µg/mL). The impedance/cell index in 

each well was measured every 15 minutes for the first 24 hours, and every hour from then 

on, until day 5. The assay was performed using  three patient samples in duplicate (n=6) 

[122]. 

b. Proliferation and Attachment Assay: 

Proliferation and attachment were measured by a standard cell staining method with the 

cell counting kit-8 (CCK-8 kit, Sigma). Briefly, DMSCs from different patient samples 

(n=6) were seeded at 6x103 cells/cm2 in starvation medium (96 well plate, Nunc). At days 

1 and 5, the medium was changed. At day 7 the medium was replaced with 100 µL of α-

MEM containing 10 µL of cell CCK-8 reagent. Following 4 hours incubation, the 

absorbance was measured at 450 nm using a SpectraMax Plus microplate reader. All 

samples were normalized to DMCSs expanded on TCP from the same patient but without 

added DMSC-EVs. Data are presented as mean ± SEM. DMSCs were then fixed in 4% 

(w/v) paraformaldehyde for 20 min at room temperature, stained with Crystal Violet and 

visualized using a Leica Wild M3C microscope. 
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c. Migration Assay 

Cell migration assays were performed using time-lapse video microscopy of single cells 

and a high-content imaging system (Operetta, PerkinElmer). DMSCs were plated at a 

density of 2x104 cells/cm2 in a 96-well plate and incubated for 4 hours to allow cell 

attachment. After washing with culture medium, the medium was replaced with 200 µL of 

1% calf EV-depleted FCS starvation medium in the presence or absence of DMSC-EVs 

and then incubated in 5% CO2 at 37° C, overnight. Six fields per well were captured every 

15 min and analysed using Harmony® 4.1 software. The speed of a single cell was 

calculated by measuring the total path length traversed by cells divided by the traversal 

time. Plotting of trajectories involved choosing 10 cells at random and determining the ‘x’ 

and ‘y’ coordinates of each cell frame-by-frame over time [123].  

d. Osteogenic Differentiation 

DMSCs were seeded at 4.2x103 cells/cm2 in 25-cm2 flasks in calf EV-depleted growth 

medium. Once DMSCs reached 70% confluence, the medium was changed to 7 mL of 

starvation medium and osteogenic supplement (R&D systems), with or without added 

DMSC-EVs. Cells were incubated for 8 days at 5% CO2 and 37° C, and the medium was 

changed once after 4 days.  

e. Adipogenic Differentiation 

DMSCs were seeded at 2.1x104 cells/cm2 in 25-cm2 flasks in calf EV-depleted growth 

medium. At 100% confluence, the medium was changed to 7 mL of starvation medium 

with adipogenic supplement (R&D systems), with or without added DMSC-EVs and then 

incubated for 5 days at 5% CO2 and 37° C. 
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f. RT-PCR 

To measure the mRNA level of key differentiation genes, a standard protocol for RT-PCR 

was followed. After the osteo- and adipo- induction, total RNA was extracted from 

samples using the TRIzol method following the manufacturer’s instructions (Thermo 

Fisher). The RNA content was measured at 260 nm using the NanoDrop 2000 

spectrophotometer (Thermo Fisher). cDNA synthesis was achieved from 1 µg RNA using 

a SuperScript™ III Reverse Transcriptase kit (Thermo Fisher). Real-time PCR was 

performed using the 7500 PCR System (Applied Biosystems). Briefly, cDNA (25 ng/µL) 

was heated at 95°C for 10 minutes, followed by 40 repeated cycles at 95°C for 15 seconds 

and 60°C for 1 minute. Inventoried TaqMan® Gene Expression Assays with FAM-

labelled probes for each gene of interest, and VIC-labelled probe for the 18S rRNA 

housekeeping gene, were used. All probes used are presented in Table 3-1. The average 

threshold cycle (CT) value difference between FAM and VIC of each sample (four 

replicates) was calculated (ΔCT), and relative expression were calculated by 2-ΔC
T  for each 

sample with or without added DMSC-EVs [124]. Finally, in order to eliminate 

contributing background, the relative expression value with added DMSC-EVs was 

normalized to the value in the controls that did not have added DMSC- EVs. 

g. Antioxidant capacity 

Cells were cultured on various substrates with and without DMSC-EVs at 1.5x104 

cells/cm2 until reaching 60% confluence (in a 96 well plate) in calf EV-depleted growth 

medium. Then, calf EV-depleted growth medium was replaced with starvation medium for 

48 hours. The total antioxidant concentration was measured according to the 

manufacturer’s protocol (Antioxidant Assay kit, Cayman). Briefly, conditioned medium 

was diluted (conditioned medium: α-MEM, 1:3 ratio), and then 10 µL of the diluted 
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sample, 10 µL of metmyoglobin, and 150 µL of chromogen were added to each well. 

Hydrogen peroxide working solution (40 µL) was added and the plate was incubated on a 

shaker for five minutes at room temperature. The absorbance, which measured the amount 

of ROS, was measured at 405 nm or 750 nm. Finally, the total amount of antioxidant were 

calculated against the Trolox standard linear plot (Trolox is a cell-permeable, water-

soluble derivative of vitamin E that is used as a positive control/standard antioxidant). 

 
Figure 3-1 Schematic overview of chapter 3 

Step 1. DMSCs were seeded on TCP, then grown, and the condition medium collected. The 

secreted DMSC-EVs were isolated from the conditioned media via ultracentrifugation. Step 2. 

DMSCs were seeded on the prepared surfaces (TCP and Matrigel as controls, and 

decellularised/solubilised fetal membranes) in presence or absence of DMSC-EVs. Various DMSC 

behaviours was analysed by functional assays and PCR analysis. 

3. 3. Results  

3.3.1 Characterisation of DMSC-EVs 

Secreted DMSC-EVs were isolated from conditioned medium of primary DMSCs by the 

ultracentrifugation method. Western immunoblotting confirmed the presence of the 

cystolic protein of Tsg101 in isolated DMSC-EVs at approximately 50 kDa as expected 
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(Figure 3-2 A). The isolated EVs were in the 100-300 nm size range by single 

nanoparticle tracking analysis. The major peak of EV size was 133 nm (Figure 3-2 B), 

with a minor peak at 186nm. Number of smaller vesicles were ~ 12±3x more than larger 

particles (n=8 EV samples). The transmission electron micrographs confirmed the 

presence of EVs with the expected “cup-shaped” morphology (Figure 3-2 C). 

 

 
Figure 3-2 Characterizing extracellular vesicles (EVs) derived from primary DMSCs 

(A) Immunoblot of extracellular vesicles for the EV marker Tsg101, negative control (Cnt) is EVs 

without primary antibody (pool of n=8 patients samples). (B) Representative size distribution of 

EVs isolated from DMSC conditioned medium by Nanosight analysis (black line represents mean 

value and the red area represents SEM). (C) Representative transmission electron micrographs of 

EVs (scale bar is 200 nm) 

3.3.2 DMSCs show dose-responsive behaviour to added DMSC-EVs 

The response of DMSCs growing on TCP to added DMSC-EVs at concentrations of 0, 50, 

100, and 250 µg/mL was determined. DMSC growth curves were measured over a 10-day 

period (Figure 3-3 A). Attachment (as indicated by arbitrarily defined cell index at 12 

hours after seeding) and proliferation (normalized cell index at 7 days to 12 hours) and 

survival of DMSCs was assessed at varying concentrations without, and with added 
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DMSC-EVs (Figure 3-3 B and C). DMSC attachment decreased when the concentration 

at all added concentrations of DMSC-EVs and was significant at and above 100 µg/mL 

(P<0.01 and P<0.00, 100 and 250 µg/mL, respectively, Figure 3-3 B). However, after a 

lower attachment phase, DMSCs treated with DMSC-EVs showed increased proliferation 

(Figure 3-3 A). At day 7, the normalized value of cell index (relative to 12 hour time 

point), which indicates the proliferation of DMSCs (regardless of the differences in their 

initial attachment), showed significant increased proliferation of DMSCs with addition of 

100 and 250 µg/mL DMSC-EVs (Figure 3-3 C). Regarding cell survival, the cell index 

for DMSC cultures supplemented with 0 or 50 µg/mL of DMSC-EVs survived until 

approximately 7 days before beginning to decline (Figure 3-3 A). However, DMSCs 

supplemented with DMSC-EVs at a concentration equal to or greater than 100 µg/mL 

survived for at least 1 day longer before showing a decrease (Figure 3-3 A). These 

findings confirmed that the isolated DMSC-EVs were bioactive and the optimum DMSC-

EV concentration was 100 µg/mL. Therefore, the concentration of 100 µg/mL of DMSC-

EVs was used for subsequent experiments. 
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Figure 3-3 Optimizing EV concentration 

(A) DMSC attachment and proliferation on TCP were monitored at different concentrations of 

EVs (0, 50, 100, and 250 µg/mL) over a ten-day period. Experiments were performed in duplicate 

(n=3 patients) and the average is shown in the graph. (B) After 12 hours, addition of EVs at 100 

and 250 µg/mL negatively impacted the attachment rates. However, (C) at day 7, the proliferation 

rates of DMSCs increased significantly by adding 100 and 250  µg/mL (mean ± SEM, One-way 

ANOVA with Bonferroni's Multiple Comparison Test, ** P<0.01, *** P<0.001) 
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3.3.3 DMSC attachment is a function of both substrates and DMSC-EV 

supplementation 

DMSC attachment was assessed 12 hours after incubation on TCP, Matrigel, s-dAM or s-

dCM in the presence or absence of DMSC-EVs. In the absence of DMSC-EVs, DMSCs 

showed significantly increased attachment on s-dAM substrate compared to TCP (Figure 

3-4) (P<0.001). Following addition of DMSC-EVs, both s-dAM and Matrigel substrates 

significantly improved DMSC attachment (P<0.001). Matrigel was the only substrate on 

which addition of DMSC-EVs improved DMSC attachment (P<0.05).  

 
Figure 3-4 DMSC attachment on various substrates with and without addition of DMSC-EVs 

DMSCs were cultured on various substrates and treated with DMSC-EVs. Addition of DMSC-EVs 

improved attachment only when DMSCs were cultured on Matrigel. DMSCs cultured on s-dAM 

improved the attachment compared to TCP but this was not associated with DMSC-EV addition. 

DMSCs with added DMSC-EVs on Matrigel, also increased their attachment compared to their 

TCP counterpart (n=6 patient samples, mean ± SEM, one-way ANOVA with Bonferroni's Multiple 

Comparison Test, * P<0.05, ** P<0.01, *** P<0.001) 
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3.3.4 DMSC proliferation is a function of both substrates and DMSC-EV 

supplementation 

DMSC proliferation increased significantly at day 7 on Matrigel and s-dCM without 

adding DMSC-EVs compared to TCP (P<0.01 and P<0.05, respectively, Figure 3-5 A). 

Addition of DMSC-EVs increased proliferation when added to DMSCs grown on s-dAM. 

DMSCs grown on s-dAM with (B) and without DMSC-EVs (C) both had normal spindle-

shaped morphology. 

3.3.5 DMSCs migrate faster on s-dAM and s-dCM with addition of DMSC-EVs 

DMCSs moved on TCP at the similar speed in the absence or presence of DMSC-EVs at 

8.02±1.14 and 10.25±2.67 µm/hour respectively (Figure 3-6 A). In the absence of DMSC-

EVs, DMSCs growing on Matrigel moved faster compared to TCP (15.82±2.78 and 

8.02±1.14 µm/hour, Matrigel and TCP without DMSC-EVs, respectively). Addition of 

DMSC-EVs did not affect DMSC speed of movement when grown on Matrigel 

(13.36±3.61 µm/hour). In contrast, the addition of DMSC-EVs to DMSCs growing on 

both s-dAM and s-dCM increased cell speed significantly from 14±1.12 and 10.90±0.43 

µm/hour to 21.43±1.44 and 22.43±.01 µm/hour, respectively (P < 0.05). DMSC movement 

on s-dAM and s-dCM with DMSC-EVs was significantly higher than TCP control groups 

(Figure 3-6 A). Movement trajectories of individual DMSCs (Figure 3-6 B-I) support the 

data showing the average cell speed on various surfaces, with and without added DMSC-

EVs. DMSCs had random movement in all conditions. Movement trajectories were 

minimal for cells on TCP with and without DMSC-EVs (Figure 3-6 B and C, 

respectively), as well as Matrigel with and without DMSC-EVs (Figure 3-6 D and E, 

respectively). However, DMSCs growing on s-dAM and s-dCM in presence of DMSC-
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EVs moved a greater distance (Figure 3-6  G and I, respectively) compared to DMSCs on 

the same substrates without DMSC-EVs (Figure 3-6 F and H, respectively). 

 
Figure 3-5 DMSC proliferation on various substrates with and without addition of DMSC-

EVs 

(A) At day 7, the metabolic activity of DMSCs grown on various substrates was measured using a 

CCK-8 kit, as a proxy for cell number. (B) Representative  micrograph of DMSCs on s-dAM 

without DMSC-EVs, and (C) with DMSC-EVs showed normal spindle-shape morphology, scale 

bar is 200 µm. (Student t-test comparing with and without DMSC-EVs and One-way ANOVA 

with Bonferroni's Multiple Comparison Test comparing between groups, * P<0.05, ** P<0.01) 
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Figure 3-6 DMSCs migration on various surfaces 

 (A) Average speed of DMSCs over 16 hours period on various substrates with and without 

addition of DMSC-EVs. (B-I) Trajectories of ten random DMSCs from different patient samples. 

DMSC movement was captured every 15 min for 16 hours (n=6 patient samples, Student t-test 

comparing with and without DMSC-EVs and one-way ANOVA with Bonferroni's Multiple 

Comparison Test comparing between groups, * P<0.05). 
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3.3.6 Addition of DMSC-EVs to DMSCs improves their osteogenic capacity of on s-

dAM substrates 

The differentiation capacity of DMSCs on different substrates was assessed with and 

without addition of DMSC-EVs. Osteogenic differentiation of DMSCs was characterised 

by the expression of two well-known genes; collagen type I, α1 (Col I) and alkaline 

phosphatase (ALP) (Table 3-1), which was measured by real-time PCR. In presence of 

osteogenic supplement, mRNA levels of Col I increased in DMSCs growing on s-dAM 

substrate (Figure 3-7 A). Similarly, addition of DMSC-EVs to DMSCs increased ALP 

mRNA levels in DMSCs growing on s-dAM, as well as on Matrigel (Figure 3-7 B).  

When DMSCs were stimulated by addition of an adipogenic supplement, DMSC-EVs did 

not increase mRNA levels of genes characteristic of adipogenesis (i.e. FABP-4 and PPAR-

γ), in DMSCs growing on any of the substrates (Figure 3-7 C and D). 
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Figure 3-7 Osteogenic and Adipogenic differentiation potential of DMSCs grown on various 

surfaces, with and without DMSC-EVs supplemetation 

(A) Relative mRNA levels of osteogenic differentiation markers, collagen type I (Col I) and (B) 

alkaline phosphatase (ALP) in DMSCs growing on different substrates after adding DMSC-EVs. 

mRNA levels were normalized to 18S RNA housekeeping control gene. RNA was extracted from 

DMSCs after 10 days of culture in osteogenic supplement. (C) Relative mRNA levels of 

adipogenic differentiation markers, fatty acid binding protein (FABP-4), and (D) peroxisome 

proliferator-activated receptor gamma (PPAR-γ) in DMSCs after 5 days of culture in adipogenic 

supplement via quantitative RT-PCR, Student t-test , *P < 0.05. 
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Table 3-1 List of the probes used for quantitative RT-PCR 

Gene Definition Probe ID 
18S rRNA 
 

18S ribosomal RNA HS99999901_s1 

COL IA1 
 

Collagen type I, α1 Hs01076780_g1 

ALP 
 

Alkaline phosphatase Hs01029144_m1 

FABP-4 Fatty acid binding protein-4 Hs01086177_m1 

PPAR-γ Peroxisome proliferator-activated 
receptor gamma 

Hs01115513_m1 

3.3.7 The total antioxidant capacity of DMSCs improved on s-dAM and s-dCM after 

addition of DMSC-EVs 

The total antioxidant capacity of cells is their ability to produce antioxidant systems such 

as enzymes, macromolecules and array of small molecules that counteract the reactive 

oxygen species (ROS). The total antioxidant capacity is measured by the amount of 

antioxidant produced in the conditioned media. 

Following the addition of DMSC-EVs to DMSCs growing on s-dAM and s-dCM the total 

antioxidant capacity of the cells (383.8±13.5 and 417±8.3 µM) increased significantly 

compared to TCP with DMSC-EVs (308.8±9.3 µM) (p < 0.001) (Figure 3-8). However, 

the addition of DMSC-EVs did not affect the total antioxidant capacity of DMSCs on any 

substrates.  
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Figure 3-8 Total antioxidant capacity of DMSCs on various substrates with and without 

added DMSC-EVs 

DMSCs growing on s-dAM and s-dCM had higher antioxidant capacity when treated with DMSC-

EVs or in other word produced higher amount of antioxidant in the conditioned media (n=4 patient 

samples). Statistics were performed using the Student t-test comparing with and without DMSC-

EVs and one-way ANOVA with Bonferroni's Multiple Comparison Test comparing between 

groups, * P<0.05, ** P<0.01, *** P<0.001). 

3. 4. Discussion  

The concept of the stem cell “niche” was first introduced in 1970s, mainly highlighting the 

effect of other niche cells on MSCs behaviours [125]. Accumulating evidence throughout 

the decades of research on the stem cell niche showed the importance of the niche 

components on stem cells behaviour. Apart from the niche cells, the extracellular matrix 

(ECM) and the soluble factors in that locale influence stem cells behaviours [126]. 

Previous studies along with the results of the first chapter of this study showed the 

beneficial effect of the ECM component of the niche in improved ex-vivo expansion of 

MSCs [85]. However, the role of secreted components of the niche is less understood 

[126]. Other studies have used conditioned media to investigate the effect of the cells 

secretome on stem cells behaviours [127-129]. Among various active species in the MSCs 

secrotome, EVs were identified as a key component, particularly through their therapeutic 
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benefit in various pathologies [130]. However, no study has investigated whether DMSC-

EVs are a bioactive component of secrotome that could improve the ex-vivo expansion of 

MSCs. 

In this current study, particles from DMSC conditioned medium were isolated using 

differential ultracentrifugation. During the ultracentrifugation process, cellular debris and 

apoptotic bodies are removed at 300-500xg. Furthermore, at 1000-2000xg centrifugation 

coupled with filtration (0.22 µm), larger vesicles were removed and finally by ultrahigh-

speed spin (100,000xg), the smallest vesicles were isolated [69]. Isolated vesicles were 

then characterised according to the guidelines recommended by the International Society 

for Extracellular Vesicles [131]. Specific features of the vesicles were as follows; the 

vesicles express a well-known EV marker (Tsg 101), their size range was predominantly 

133nm but there were minor peaks at 186-450 nm (Nanosight), and they had a uniform, 

spherical  or “cup-shaped” morphology (TEM micrographs) [131]. The size distribution of 

the vesicles  was most consistent with the size of the EV subclass of exosomes (30-

150nm) [69], but there were other larger vesicles present at lower concentrations (i.e. 

above 150nm in size). With the ultracentrifugation method, isolating pure population of 

exosomes is not possible, and other methods yield lower amounts of the exosomes 

compared to ultracentrifugation. Given there were other types of vesicles present, the field 

now refers to these preparations by the more general term of “extracellular vesicles” 

(EVs). The main differences between exosomes and the larger vesicles, apart from the 

vesicle size, are: 1) biogenesis; exosomes are derived from endosomal compartments, and 

larger vesicles are the products of cell plasma membrane budding; 2) the membrane’s lipid 

composition; 3) protein markers, and 4) their cargos.  While both types of vesicles contain 
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bioactive molecules, they contain cargos that modulate intercellular communications in 

unique ways [71].  

Previous studies showed cells have dose-responsive behaviour to EVs [130]. Similarly, 

DMSCs showed a dose-dependent behaviour to the isolated DMSC-EVs. At the lower 

concentration of DMSC-EVs (50 µg/mL), attachment, proliferation and the survival of the 

DMCSc were not affected by the addition of DMSC-EVs. However, at the concentration 

equal and above 100 µg/mL DMSCs showed higher proliferation and longer survival on 

TCP. 

Efficient attachment and proliferation are essential properties of MSCs, which maximize 

their efficacy in clinical applications. Upon injection into the body, effective attachment 

improves MSC engraftment at the injury site and minimizes clearance from the blood 

circulation, when MSCs are introduced systemically [132]. Previous studies showed that 

providing MSCs with components similar to those found in their niche, such as ECM, is a 

promising approach to improve proliferation and attachment of MSCs during ex-vivo 

expansion [71, 72]. Here, another important component of the niche; DMSC-EVs, were 

shown to have a beneficial effect on proliferation and attachment of MSCs in culture. EVs 

harbour active biomolecules such as mRNA and miRNA that improve proliferation and 

attachment of the recipient cells [69, 130, 133]. Here, the addition of DMSC-EVs 

improved the attachment of DMSCs growing on Matrigel. Additionally, DMSC-EVs have 

the potential to increase the proliferation of DMSCs in presence of s-dAM substrates. A 

combination of ECM components and added DMSC-EVs had a greater beneficial effect 

on both attachment and proliferation of DMSCs in culture. 
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To ensure their efficiency as therapeutics, another key behaviour of MSCs is their ability 

to move/migrate. Upon injection into the body, MSCs must migrate to the injury site and 

facilitate regenerative responses either through paracrine effects or by differentiating into 

mature cells [50]. Both EVs and ECM components are known to improve the migratory 

behaviour of MSCs. Secreted EVs improve directional cell movement [133, 134], and 

recover the migratory ability of injured or diseased cells [135]. Similarly, ECM 

components improve MSC migration and movement in culture [50]. In this study, the 

speed of DMSCs movement was studied on various substrates in the presence or absence 

of DMSC-EVs as an indicative of MSCs migration potential. DMSCs growing on s-dAM 

and s-dCM moved at higher speeds when both EV and ECM components were present at 

the culture compared to DMSCs growing on TCP. 

Accumulating evidence suggest that MSCs-derived EVs regulate differentiation of the 

local stem cells and progenitors cells in-vivo [136], by a mechanism involving their 

miRNA cargos [137, 138]. ECM also improves the differentiation of MSCs in culture [13, 

46]. The results of this study show the osteogenic capacity of DMSCs was increased by 

adding DMSC-EVs to the s-dAM, however, addition of DMSC-EVs did not have any 

effect on the adipogenic differentiation capacity of DMSCs. Interestingly, other studies 

show that exosomes derived from cancer cells inhibit adipogenesis by supressing adipo-

differentiation through activation of TGF-β signalling pathway and/or increased lipolysis 

[139, 140]. This current study is the first to show that in cell culture, DMSC-EVs act in a 

similar manner to cancer EVs; they only stimulate osteogenic differentiation. 

High antioxidant capacity and reducing oxidative stress are mechanisms through which 

MSCs exert their beneficial effect in-vivo [141]. In addition, high antioxidant capacity of 

MSCs is also associated with increased cell survival and higher differentiation capacity in-
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vitro [35, 47, 141]. EVs derived from bone marrow and umbilical cord MSCs have high 

capacity in attenuating ROS levels in-vivo in injured organs [142, 143]. In this study, 

addition of DMSC-EVs to s-dAM and s-dCM was shown to increase the total antioxidant 

capacity of DMSCs in-vitro.  

In this study, improved DMSC behaviour was dependent on DMSC-EVs and ECM 

components both being present in culture. It is important to determine whether DMSC-

EVs and ECM act independently on DMSCs or whether DMSC-EVs and ECM interact 

and have additive or synergistic beneficial effects on DMSCs (Figure 3-9). Distinguishing 

between these possible effects requires further studies. Accumulating evidence shows that 

EVs interact selectively to ECM components and these EV-ECM interactions determine 

the biological effect of EVs on their target cells [133, 144]. However, because of the 

complexity of tissue ECM, the component(s) of ECM that interact with EVs are not yet 

determined. EVs appear to preferably interact with collagen type I and laminin in the 

ECM, but individual purified ECM components are not as efficient as complex tissue 

ECM in interacting with EVs [133]. 

 
Figure 3-9 Proposed underlying mechanism of action of EVs and ECM 
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In this study, MSCs with two added main components of the niche, i.e. EVs and ECM, showed 

improvement in several MSC behaviours in culture. It is also well-established that EVs and ECM 

have reciprocal interactions, and it is still unknown whether theses interactions contribute to 

DMSC behaviour. 

On the other hand, EVs have direct effects on ECM through their cargoes [145]. EVs 

contain various proteinases and ECM adhesion molecules such as fibronectin and laminin 

that can contribute to modifying the ECM [133]. Proteases may play role in the maturation 

of matrix protein, the production of matrix protein fragments, or by changing the structural 

properties of the host ECM [133]. Secretion of proteases and localized production of ECM 

both result in remodelling of ECM, and this appears to be the main effect of EVs on their 

host ECM [135, 146, 147]. Besides, EVs continuously endocytose the ECM and re-secrete 

the ECM components into the extracellular space [145]. This evidence shows the potential 

effect of EVs on restructuring/remodelling the ECM and make it more favourable for 

MSCs. 

Other well-documented functional roles of the ECM are to trap and store EVs, to protect 

them from digestion, and to sequester, concentrate and localize soluble factors in the 

extracellular space by direct interaction with protein-based biomolecules [69, 147]. 

Therefore, ECM molecules may have an impact on EVs by protecting them from physical 

damage, which is essential for maximising the EV therapeutic effect over longer periods 

[73], and by promoting the local concentration of EVs and hence their uptake by the 

recipient cells [77]. 

3. 5. Conclusion 

In conclusion, this study provided evidence that the addition of EVs and ECM 

components; two main constituents of the MSCs niche, improved key DMSC behaviours 
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during ex-vivo expansion. The results showed that adding EVs to the DMSCs that were 

growing on decellularised and solubilised human amniotic membranes was the most 

efficient combination of EV-ECM. Further studies are needed to explore whether EVs and 

ECM are acting independently on DMSCs or there are interactions between EVs and ECM 

that exert additional benefits. 
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Chapter 4. Injectable and Thermoreversible 
Hydrogels from Fetal Membrane-Derived 
Extracellular Matrix Improve DMSCs Behaviours 

4. 1. Introduction 

MSCs are a promising source for cell-based therapies with numerous clinical trials 

reporting their beneficial effects [148]. MSCs exert their therapeutic effect primarily 

through a paracrine signalling mechanism, which relies on MSCs efficiently homing to 

areas of damage following systemic administration or engraftment upon injection at the 

injury site. Currently, the benefits of MSCs are limited by their low survival rates, poor 

engraftment after delivery and the possibility of long-term pathological transformation if 

the cells accumulate in non-target tissues.  For example, only 5% of MSCs survive and 

engraft after being transplanted into an infarct site following an ischemic event [148-151]. 

A number of factors contribute to poor cell survival and engraftment, including cell 

damage due to shear stress during injection, leakage of cells from the injection site, and 

lack of appropriate interactions with surrounding cells and extracellular matrix [150].  

Various bioengineering techniques improve cell retention and survival including the 

encapsulation of cells into hydrogels [152], transplantation of monolayers of cells in the 

presence or absence of biomaterials (cell sheet technology) [153, 154], the use of cell 

aggregates/microspheres [148], and many more [155]. Protocols that minimize the 

invasiveness of the cell delivery are preferred to reduce surgical complications [156]. As 

such, injectable biomaterials are an attractive option for localized cell delivery.  Ideally, 

such materials should be easily injectable as well as possess the requisite biological 

characteristics to ensure cell survival and activity at the delivery site. 
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Thermo-reversible hydrogels derived from tissue-specific extracellular matrix (ECM) are a 

rapidly emerging class of materials that are well suited for improving cell retention and 

survival.  These materials are derived from tissue that has been decellularised and digested 

(usually through exposure to the protease pepsin) in order to produce complex suspensions 

of extracellular matrix biomolecules. These solutions are often shear thinning which 

facilitates injections and undergo a sol-gel transition as they are heated to body 

temperature.  As such, cells suspended in these materials can be delivered via injection to 

the site of injury, and after injection the material will aid in cell retention by forming a 

cell-laden gel [157, 158]. Additionally, the ECM-derived components maintain many of 

their inherent biological properties that promote cell survival, function, and tissue 

remodelling in-vivo [150, 155]. 

Despite the advantages of these materials, their translation into clinical application is slow, 

with only one phase one clinical trial to date [159]. In this trial, porcine myocardium-

derived gels are injected into damaged human myocardium following an ischemic event 

[159]. In animal models, the injection of hydrogel without added cells improved the 

regenerative response [160]. Further work illustrated that the co-delivery of the ECM 

hydrogel and cells further improved the regeneration in-vivo in animal models compared 

hydrogels alone [150].  

To date, xenograft tissues, commonly from non-primate mammals, are the most common 

sources of tissue utilised in producing decellularised matrices due to their abundance and 

accessibility. However, adverse host immune responses and potential for disease transfer 

hinder this technology. To minimize these adverse responses, allogenic tissue sources are 

suggested [161]. Ideally, the appropriate tissue source should be readily available with 

minimal ethical concerns, harvested from allograft sources, and originate from young 
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donors as the age of the tissue plays a critical role in its biological effect. Furthermore, 

these sources should have the ability to be processed according to good manufacturing 

practice (GMP) requirements, with high reproducibility among different patient samples 

[159, 162, 163]. 

In this study, the proposal is that birth-associated tissues such as the placenta, umbilical 

cord, and fetal membranes are an advantageous source of allogenic tissue for use in the 

fabrication of injectable hydrogels. These materials are readily available in large 

quantities, harbour various stem cell populations, and are from biologically young tissues.  

A few studies investigated the feasibility of using the placenta [149] and the umbilical 

cord [161, 164] for hydrogel production.However, the fetal membranes have not been 

previously studied, to the best of our knowledge.  However, these materials are already 

used clinically in decellularised or partially decellularised form, harbour various MSC 

populations in-vivo, and enable access to either maternal-derived for fetal-derived tissue.  

In this section of work, the fetal membranes are physically separated in order to isolate 

their fetal and fetal/maternal component membranes; the amnion and the chorion, 

respectively. These two component membranes are processed to form injectable and 

thermoreversible hydrogels. Furthermore, the varying compositions and biological 

properties of these two hydrogel systems are investigated. 

4. 2. Materials and Methods 

4.2.1 Placenta collection 

Placenta were collected similar to section 2. 2. 
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4.2.2 Fetal membrane decellularisation/solubilisation 

Fetal membrane decellularisation was performed as previously reported in Chapter 2 (See 

section 2. 2). 

4.2.3 Gel preparation 

Solutions of decellularised fetal membranes were prepared at 1, 2, 4, and 8 mg/mL in 10X 

PBS at 4℃ to avoid gelation. To investigate the gelation capacity, 500 µL of each sample 

were added to a tube and incubated at 37℃ for three hours. The tubed were then inverted 

to investigate whether the pre-gel solution has formed gels. 

4.2.4 Rheological properties 

Frequency sweep analyses were performed on a TwinDrive MCR 702 rheometer for 

solution and gel samples of s-dAM and s-dCM. Briefly, 400 µL of the desired sample was 

pipetted onto the centre of 25mm diameter sample plate and the samples were deformed at 

a constant strain of 2% over a range of strain rates from 0.01-100 rad/s.  The sample stage 

temperatures were fixed at 25°C and 37°C when assessing solution and gel samples, 

respectively.  The gap between the two plates was held constant at 0.4mm. The apparent 

viscosity was plotted for the solutions and the storage (G’) and loss (G’’) moduli were 

assessed for the gel samples [165]. 

4.2.5 Scanning electron microscopy 

Scanning electron microscopy (SEM) was used to observe the surface topography of the 

gel samples.  Briefly, hydrogels were fixed with 4% (wt/v) paraformaldehyde in PBS for 

20-30 min at room temperature. Samples were washed with buffer and dehydrated in 50%, 

70%, 90% and 100% ethanol solutions, 5 min each. Samples were then dried at 37°C in an 
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oven and then sputter coated with a 20 angstrom thick layer of gold. Samples were then 

visualized using FEI Quanta SEM. 

4.2.6 Cell culture and maintenance 

DMSC23, a cell line produced from MSCs collected from the decidua basalis (DMSCs), 

was used in this study.  The development, thorough characterization, and use of the 

DMSC23 cell line has been previously published by our laboratory [102, 104]. The cells 

were maintained in α-MEM complete medium (Sigma-Aldrich) supplemented with 10% 

new born calf serum (NBCS), 1% penicillin/streptomycin and 2 mM L-glutamine. The 

medium was changed every 3-4 days. All reagents were from Gibco®, Life Technologies 

unless mentioned otherwise. 

4.2.7 DMSC23 proliferation on hydrogels 

The growth surfaces of 96 well plates (Nunc) were covered with 200 µL/cm2 of pre-gel 

solution and incubated until gels were formed (3 hours). 60 µL of a DMSC23 suspension 

was added at different cell densities (105, 3x105 and 6x105 cells/mL). After 6 hours, 

DMCS23 cells were attached and media was added to cover samples. The DNA content of 

the samples was measured at day 5 in order to assess cell proliferation using the Quant-

iTTM PicoGreen® kit according to manufacturer’s instructions (Thermo Fisher).  Briefly, 

hydrogels were digested in 0.25 mg/mL papain solution in cysteine buffer for 20 h at 

60°C. Next, 50 µL of the Picogreen reagent was added to 50 µL of the sample digest.  The 

sample (100 µL) was then transferred to a well plate and fluorescence intensity was 

measured using a FLUOstar Omega microplate reader (BMG Labtech) at an excitation 

wavelength of 480 nm and an emission wavelength of 520 nm. 
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4.2.8 Immunostaining 

The samples were fixed with 4% PFA for 30 minutes, washed with 0.05% tween-20 wash 

buffer in PBS, and permeabilised in 0.1% Triton X-100 for 10 minutes at room 

temperature with gentle agitation. Non-specific binding sites were blocked by exposing 

the samples to a solution of 1% solution of BSA in PBS for 30 min at room temperature. 

DMSC23 cells were then incubated with TRITC-conjugated phalloidin (from Focal 

Adhesion Kit FAK100, Merck ,1:100) for 60min at room temperature. Cell nuclei were 

then counterstained using DAPI with Vectashield® mounting medium (Vector Labs) for 5 

min at room temperature.  Samples were washed three times with the wash buffer. Finally, 

a confocal TCSPC fluorescence microscope (Leica) was used for fluorescence imaging. 

4.2.9 Adipogenesis 

DMSC23 cells (2.1x104 cells/cm2) were seeded in 8 well chamber slides (Ibidi) coated 

with the gels or TCP controls in maintenance medium (see section 4.2.6). Once the cells 

reached 100% confluence, the maintenance medium was replaced with adipogenic 

medium (R&D Systems). The medium was replaced every 3-4 days. After 14 days of 

culture, samples were fixed with 4% PFA at room temperature for 20-30 min. Samples 

were then stained with the Hoeschst 33342 nuclear stain and the BodipyTM lipid stain. The 

samples were visualized using a Leica SP8 confocal microscope and adipogenesis was 

quantified via ImageJ using particle analysis add-on software modules.   

4.2.10 Osteogenesis 

DMSC cells were seeded at 4.2x103 cells/cm2 in a 96-well plate coated with the gels 

(opaque walls and transparent bottom) in maintenance medium. Once DMS23 cells 

reached 70% confluence, the medium was changed to osteogenic supplement (R&D 
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Systems). DMSC23 cells were then incubated for 3 weeks at 5% CO2 and 37° C. Medium 

was replaced every 3-4 days. After 3 weeks, DMSC23 cells were stained with 

OsteoImageTM (Lonza) according to manufacturer’s protocol. Briefly, the medium was 

replaced by PBS. Cells were then fixed using 4% PFA for 30 min.  After fixation, samples 

were washed and stained using OsteoImage staining reagent for 30 min at room 

temperature away from light. After staining, samples were washed thoroughly with 

OsteoImage wash buffer. After the final wash, the medium was kept and the fluorescence 

intensity was measured using a FLUOstar Omega microplate reader (BMG Labtech) at an 

excitation wavelength of 480 nm and an emission wavelength of 520 nm. All the samples 

were normalized to the gels without added cells as a control to minimise the background 

readings.  

4.2.11 Injectibility Assays 

As described in 4.2.3, 250 µL of the desired solution was extruded through a 21 gauge 

needle at flowrates of 0.2, 0.5, 1 and 2 mL/min. The solutions were injected into warm 

culture medium to induce gelation, and the diameter of the resulting ECM fibres was 

measured using ImageJ software. Next, 600k DMSC23 cells/mL were loaded into the pre-

gel solutions and 500 µL cell suspension was extruded at 0.2 mL/min rate. The viability of 

cells immediately after injection was assessed by TrypanBlue, and the proliferation rate of 

cells embedded in the gels was assessed using the PicoGreen assay after 7 days as describe 

in section 4.2.7. 

4.2.12 Statistics 

GraphPad Prism software was used for statistical analysis. The statistical difference 

between two means was determined using a Student t-test. For tests where more than two 
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means were compared, an Analysis of Variances (ANOVA) was performed followed by 

Bonferroni’s post-hoc test. All data are presented as mean ± standard error.  

4. 3. Results 

4.3.1 Solubilized fetal membranes exhibit concentration and temperature dependent 

gelation capacity 

Solubilised and decellularised fetal membranes were prepared as previously described in 

Chapter 2. Briefly, the intact membranes were washed, decellularised, milled, and 

solubilized (Figure 4-1).  The sol-gel properties of these materials was found to be both 

concentration and temperature dependent.  Solutions of s-dAM and s-dCM remained as a 

viscous liquid at 4ºC.  However, when the temperature was increased to 37°C, both s-dAM 

and s-dCM solidified when at a sufficiently high concentration. To illustrate the gelation 

capacity of s-dAM and s-dCM, solutions at concentrations of 1, 2, 4, and 8 mg/mL were 

incubated for three hours at 37 ºC. Using a simple inversion test, the lower concentration 

solutions of s-dCM (1 and 2 mg/mL) retained their ability to flow, whereas the higher 

concentrations of s-dCM solutions (4 and 8 mg/mL), and all of the s-dAM concentrations 

of solutions (1-8mg/ml), transitioned into a gel (Figure 4-1). 
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Figure 4-1 Fabrication of thermogels from human fetal membranes 

The amnion and chorion were decellularised, freeze dried to produce a powder, and solubilised. 

Various concentrations of s-dAM and s-dCM (1, 2, 4 and 8 mg/mL) were prepared at 4°C and 

incubated overnight at 37°C. Solutions of 4mg/mL s-dCM and all solutions of s-dAM equal to or 

greater than 1 mg/mL transitioned to a gel. 

The rheological properties of the 4 and 8 mg/mL solutions and gels of s-dAM and s-dCM 

were assessed. Before gelation, the solutions showed very low storage (G’) and loss 

moduli (G’’) (Figure 4-2 A). After overnight incubation, both s-dAM and s-dCM 

displayed a higher storage modulus (G’) at all angular frequencies compared to the loss 

modulus (G’’) (Figure 4-2 B). The storage modulus of all samples at 1, 5, 10 Hz was 

compared (Figure 4-2 C) and no significant difference was observed at a given frequency. 

All gels showed shear-stiffening properties, which implied that by increasing the angular 

frequencies from 1Hz, to 5 Hz and 10 Hz, the storage modulus (G’) of the samples also 

increased (< 100Pa, ~120Pa, and ~400Pa, respectively). The loss modulus for all of the 

gels was constant and below 50Pa at all three angular frequencies (Figure 4-2 B).  Beyond 

the rheological properties, the surface topography of the gels was assessed via SEM 

(Figure 4-3).  The most distinctive structure was the gel produced from the 8 mg/mL s-

dAM solutions, which had a distinct fibrous appearance. 
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Figure 4-2 Rheological assessment of 4 and 8 mg/mL s-dAM and s-dCM solutions and gels. 

 (A) Pre-gel solutions, (B) after overnight incubation at 37°C, and (C) comparison of the storage 

modulus of all samples at 1, 5, and 10 Hz.  No statistically significant differences were observed at 

a constant frequency. 

 
Figure 4-3 Scanning electron microscopy (SEM) images of fixed gels’ surfaces 
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 (A) 4 mg/mL s-dAM, (B) 8 mg/mL s-dAM, (C) 4 mg/mL s-dCM, and 8 mg/mL s-dCM, (D) 8 

mg/mL of s-dCM 

4.3.2 Gels produced from solubilized amniotic membrane promote DMSC 

proliferation 

DMSC23 cells were grown at three different seeding densities (105 cells/mL, 3x105 

cells/mL, and 6x105 cells/mL) on gels produced from 8 mg/mL of s-dAM, s-dCM and 

Matrigel solutions, where the Matrigel sample acted as a control (Figure 4-4). 

Proliferation rates were dependant on both the cell seeding density and the substrate 

(Figure 4-4 A). At the lowest seeding density, there was no significant difference in cell 

numbers on the various gels at day 7. However, at higher seeding densities, s-dAM gels 

supported significantly higher number of DMSC23 cells compared to s-dCM and Matrigel 

(~ 1.5x and ~ 2x, respectively) (Figure 4-4 A). These results were supported by images of 

the surfaces taken through fluorescence microscopy (Figure 4-4 B). On all surfaces, the 

cells were round in shape and exhibited minimal spreading.  Relatively few DMSC23 cells 

were observed on either the Matrigel or s-dCM surfaces, regardless of the seeding density.  

However, more DMSC23 cells were observed on the s-dAM gels at higher seeding 

densities. Additionally, these cells were often present as multicellular clusters. 
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Figure 4-4 DMSC23 proliferation on hydrogels after 7 days at various initial cell seeding 

densities. 

(A) Relative cell numbers as assessed through fluorescence intensity of labelled DNA. DMSCs 

were stained with TRITC-conjugated phalloidin (Red) to stain cell cytoskeleton and DAPI (Blue) 

to stain cell nuclei. The reading were normalized to the gels without cells (B) Representative 

fluorescence micrographs of DMSC23 cells. Scale bar is 50µm.  Statistical analyses were 

determined using a two-way ANOVA with Bonferroni post-test, *P < 0.05, **P < 0.01, ***P < 

0.001. 

4.3.3 All gels promoted DMSC adipogenesis 

To investigate adipogenesis, DMSC23 cells were cultured in adipogenic medium for 14 

days on the hydrogel surfaces and on tissue culture plastic (TCP). DMSC23 cell 

differentiation was assessed through fluorescence staining of accumulated lipid droplets 

with a Bodipy™ fluorescent stain (Figure 4-5 A). DMSC23 cells cultured on Matrigel, s-

dAM, and s-dCM exhibited a greater accumulation of lipid droplets compared to cells 

cultured on TCP (Figure 4-5 B). 
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Figure 4-5 DMSC23 adipogenesis on various hydrogels and TCP after 14 days in adipogenic 

medium. 

(A)  Representative images of cells where accumulated fat droplets are stained with Bodipy™ 

(Green) and the nuclei were stained with Hoechst (Blue). (B) The number of lipid droplets were 

quantified. Scale bar is 20 µm. Statistical analyses were determined using a one-way ANOVA 

with Bonferroni post-test, **P < 0.01, ***P < 0.001.  

4.3.4 Gels produced from solubilized amniotic membrane and Matrigel promote 

DMSC osteogenesis 

To investigate osteogenesis on these surfaces, DMSC23 cells were supplemented with 

osteogenic medium for 21 days. DMSC23 cells on Matrigel and s-dAM gels showed 

significantly higher osteogenic differentiation capacity compared to TCP as measured by 

hydroxyapatite production (Figure 4-6). 
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Figure 4-6 Osteogenic differentiation of DMSC23 

After 21 days of osteogenic induction, the hydroxyapatite portion of the bone-like nodules 

deposited by the DMSC23 cells was labelled via Osteoimage fluorescence assay. The fluorescent 

readings were normalised to the gels without added cells, as controls (One-way ANOVA with 

Bonferroni post-test, *P < 0.05) 

4.3.5 Solubilized fetal membranes are injectable 

Both the s-dAM and s-dCM pre-gel solutions exhibited shear thinning behaviour as seen 

through a decrease in the apparent viscosity with increasing shear rate (Figure 4-7 A). The 

ability of the pre-gel solutions to form gels upon injection into 37oC medium was then 

demonstrated (Figure 4-7 B). Pre-gel solutions were injected into warm media at various 

rates.  At flowrates lower than 0.2 mL/min, the solutions were able to rapidly gel and form 

discrete fibres.  However, at higher flow rates, the extruded fibres fused into a larger gel 

with a poorly defined shape.  No difference in the injectability was observed between the 

s-dAM or s-dCM materials. The mean diameter of the s-dAM and s-dCM fibres extruded 

at the 0.2 mL/min flowrate was evaluated using ImageJ (Figure 4-7 C).  No significant 

difference was observed between the fibre diameters. Additionally, both materials 

produced fibres with a small standard deviation, indicating a uniform fibre production. 
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Figure 4-7 Injectibility of s-dAM and s-dCM 

(A) Rheological tests illustrate the shear thinning nature of the pre-gel solutions as shown by a 

decrease in apparent viscosity as the shear stress is increased. (B) The injected pre-gel solution was 

able to form fibrous structures in warm media at injection rates less than or equal to 0.2 ml/min 

(left image). However, the materials fuse into a larger mass before gelation can occur at higher 

flow rates (right image).  (C) Both pre-gel solutions formed fibres of similar diameters at an 

injection rate of 0.2 ml/min (scale bar is 10 mm). 

4.3.6 DMSCs can retain viability through injection and exhibit improved 

proliferation in s-dAM and s-dCM gels after injection 

DMSC23 cells were loaded into pre-gel solution and injected into culture plate wells. A 

cell suspension in PBS was used as a control. Immediately after injection 60-70% of 

DMSC23 cells were viable. The degree of viability was relatively constant regardless of 

the material that the cells were suspended in (Figure 4-8 A). After 7 days of culture, 
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DMSC23 cells in both s-dAM and s-dCM displayed increased proliferation compared to 

DMSC23 cells incorporated in the Matrigel. 
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Figure 4-8 DMSC viability and proliferative capacity after injection 

(A) DMSCs retained 60-70% viability after injection regardless of liquid they were suspended in. 

(B) DMSCs exhibited improved proliferation in s-dAM and s-dCM gels after 7 days.  One-way 

ANOVA with a Bonferroni post-test, *** P < 0.001.  

4. 4. Discussion  

Cell-based therapies using MSCs hold great promise for the repair and restoration of 

damaged or diseased tissue. However, MSC-based therapies are not meeting their full 

potential due to the low survival and engraftment of the cells at the injury site [166]. In 

this study, an ECM-derived, bioactive, and thermoreversible hydrogel system was 

developed to enable minimally invasive delivery of MSCs. Various studies show that such 

gels are effective in cell delivery [167, 168].  Nevertheless, the application of these gels is 

limited by access to appropriate tissue sources from which the gels can be produced, with 

many relying on minimally abundant human tissue or xenogenic tissue.  The gel system in 

this study was produced from human fetal membranes, a biologically young, highly 
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abundant tissue source that has minimal ethical concerns, and which can be sourced 

without invasive procedures.  

The fetal membranes were selected as the tissue source in this work as several FDA-

approved and clinically successful products such as AmnioexceL®, Surgenex®,and 

Grafix® have been developed using fetal membranes [169]. Also, clinically successful 

materials, had already been developed based on decellularised, or partially decellularised, 

or cryopreserved fetal membranes. Currently more than 200 clinical trials world-wide use 

fetal membranes to treat various conditions (clinical trials.gov). Due to the high success 

rate in the clinical space, the aim of this study was to further process human fetal 

membranes and prepare injectable hydrogels from them. 

In this study, the membranes were physically split into the amnion and chorion 

components in order to produce two different ECM hydrogel systems, s-dAM and s-dCM.  

s-dAM solutions showed sol-gel properties at all concentrations that were tested (1-8 

mg/mL) whereas the s-dCM solutions only produced gels at concentrations greater than or 

equal to 4 mg/mL.  Previous characterization revealed that the s-dAM materials were more 

protein rich than their s-dCM counterparts (Chapter 2), and it was postulated that it is the 

self-assembling nature of these protein components that enables the s-dAM materials to 

transition to a gel at lower concentrations. This postulate was supported by the SEMs 

presented in Figure 4-3, which reveals a more fibrous structure at the highest s-dAM 

concentration.  Previous reports, where ECM hydrogels were produced from human heart 

tissue identified a high degree of variability between patient samples, which most likely 

arose from the advanced age of the donors [170]. However, in this study, no obvious 

variability was observed in the gelation capacity of the fetal membrane derived gels 
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(n=10), which demonstrates the reproducibility of these materials and supports their use as 

cell delivery agents. 

The stiffness of the gels, also called the storage modulus, is an important factor in 

hydrogels, which determines how MSCs behave on the gels and may also affect the 

retainment of the hydrogel at the injection site [171, 172]. Depending on the biochemical 

composition of the tissue, two rheometrical behaviours are commonly observed: 1) little 

dependence of the storage modulus on angular frequency or 2) a linear dependence of the 

storage modulus on the angular frequency [173-175]. When the concentration of GAGs 

increases, GAGs alter the organization of collagen fibres at different frequencies and 

results in the latter rheometrical behaviour [173-176]. In this study, the hydrogels 

produced from both s-dAM and s-dCM showed frequency-dependant storage moduli.  

Interestingly, the hydrogels produced from s-dAM and s-dCM displayed different storage 

moduli. At angular frequency of 1 Hz, s-dAM had the storage moduli of 75±19 Pa and 

22±3 Pa (means ± SEM) at 8 and 4 mg/mL, respectively which were similar to the 

hydrogels from lung and brain tissues. Whereas, the hydrogels produced from s-dCM had 

the storage moduli of 17±0.5 Pa and 7±0.5 Pa (means ± SEM) at 8 and 4 mg/mL, 

respectively, which were similar to the hydrogels derived from adipose and cardiac tissues 

[171, 173]. 

One approach to maximizing the efficiency of MSC-based therapies, is to provide cells 

with a healthy “niche” at the site of injection/injury [151]. The presence of the ECM 

components at the injection site mimics the MSC niche and facilitates biochemical and 

biophysical signalling to the cells, a process that may activate the MSC’s regenerative 

responses, recruit endogenous cells, and finally promote tissue remodelling [50, 151]. In 

this study, injectable hydrogels from fetal membranes were assessed for their ability to 
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support the growth and differentiation potential of MSCs. As reported previously, s-dAM 

coatings were the most efficient 2D substrate for MSC expansion in culture (Chapter 2). 

A similar outcome was observed when MSCs were seeded on 3D hydrogels derived from 

s-dAM. Additionally, the initial seeding density had a significant effect on the 

proliferative capacity of DMSCs on s-dAM gels [148, 177]. When grown at low densities, 

the cells were sparsely distributed over the surface and the cell proliferation was low, even 

on the s-dAM surfaces.  However, increased proliferation was observed on the s-dAM 

surfaces when higher seeding densities were used. Additionally, fluorescence micrographs 

revealed that the DMSC23 cells were present in multicellular clusters.  The increased 

proliferation of DMSCs observed on the s-dAM hydrogels at higher densities may arise 

from improved cell-cell communication, which is likely due to improved paracrine 

signalling and cell-cell contact.  DMSC23 cells cultured on the s-dAM hydrogels 

exhibited significant higher adipo- and osteogenic differentiation potential compared to 

cells on tissue culture plastic, and they had a similar differentiation potential compared to 

cells on the Matrigel controls. This demonstrates that the cells not only have increased 

proliferation on the s-dAM surfaces but they also retain their multipotency.    

This study demonstrated the shear thinning nature of the precursor solutions, their ability 

to be extruded, and their rapid gelation when injected into a 37oC environment (Figure 

4-7) [171, 178].  The majority of DMS23 cells (~60%) survived the injection process.  

However, there was still a significant level of cell death (similar values to what is reported 

elsewhere), which is likely due to the extensional flow experience by the cells during the 

injection process [179]. However, recent work shows that engineering the injection 

medium to have a storage modulus of approximately 30-60 Pa improves cell viability after 

injection up to 85+%.  Future work can include tailoring the rheological properties of the 
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ECM solutions to improve cell viability during injection [179]. Despite the initial loss of 

viability arising from injection, the DMSC23 cells present within the fetal membrane-

derived hydrogels exhibited the best proliferative capacity post-extrusion.  Beyond 

delivery of cells to injury sites, the injectability of this hydrogel system would also enable 

bioactive and cell-laden scaffolds to be 3D printed for tissue engineering applications. 

4. 5. Conclusion 

These results in this section of the work show that human fetal membranes can be 

processed to produce thermoreversible and ECM-based hydrogels that promote key 

properties of MSCs such as high proliferation and differentiation potential. Gels formed 

from decellularized amniotic membranes (s-dAM) were the only material found to 

increase proliferation and increase adipogenic and osteogenic differentiation potential of 

DMSC23 cells.  Additionally, cell suspensions can be injected to form cell-laden 

hydrogels in which the cells can proliferate.  These results support the use of fetal 

membrane-derived hydrogels as a bioactive material system for the delivery of MSCs.  
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Chapter 5. Conclusion and Future Works 

5. 1. Thesis Conclusion 

This thesis aimed to improve ex-vivo expansion of MSCs via providing the MSCs with 

major components of the niche: the extracellular matrix (ECM) and the extracellular 

vesicles (EVs). I used human fetal membranes as the tissue source to produce 

decellularised ECM (dECM) due to their abundance, ease of access, and their origin being 

from fetal tissue or young and healthy adults. I also isolated decidua-derived MSCs 

(DMSCs) from human placenta to produce DMSC-EVs in culture. The data suggests that 

the dECM from decellularised and solubilised amnion (s-dAM), and added DMSC-EVs 

improve several key properties of DMSCs during ex-vivo expansion. Additionally, the s-

dAM could be processed into 3D gels that were injectable and maintained DMSC 

properties when used as a cell culture substrate. These data illustrate that both EVs and 

ECM are useful tools to improve the expansion of MSCs. 

5. 2. Future works 

In Chapter 4, the results showed promising outcomes using ECM-based hydrogel as 

MSCs carrier in-vitro. Future studies are essential to investigate the safety and efficacy of 

ECM-based hydrogels as the carries for MSCs delivery in animal models and to 

demonstrate whether loading DMSCs into bioactive carrier lead to a better outcome in-

vivo. If ECM hydrogels loaded with DMSCs were safe and efficient, I can then 

incorporate other bioactive components to the therapy as I will describe in the following 

section. 
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EVs are active components for intercellular communications and are shown to be a 

promising treatment for various pathological conditions. However, when EVs are injected 

systemically, they tend to have a very short half-life of approximately 30 min and 

clearance rate of 1-6 hours which reduces their beneficial effect in clinics [180] . Recently, 

Vunjack-Novakovic et al (2018) showed in the rat model of myocardium infarction, the 

cardiomyocyte-derived EVs improved therapeutic benefits when encapsulated in a 

collagen gelfoam mesh, compared to the EVs that were injected without gels [181]. The 

encapsulated EVs reduced infarct size and pathological hypertrophy, resulting in an 

improved recovery of the rats. Their results suggested that the collagen gelfoams support a 

sustainable release of EVs over 7 days and this extended delivery represents an 

advancement in the stem cells/EVs-based therapeutics [181]. 

In Chapter 3 of this thesis, the results confirmed the importance of each component of the 

niche, the ECM and EVs, on DMSCs during 2D ex-vivo expansion. In Chapter 4, the 

results confirmed that both s-dAM and s-dCM can form gels depending on temperature 

and concentration. Additionally, s-dAM hydrogels could maintain the key properties of 

DMSCs in 3D ex-vivo cultures. Given the importance of ECM and EVs, there is a scope to 

improve the effectiveness of 3D cultures and as such the stem cell-based therapies.  An 

advancement to the platform that is developed in this study will be incorporating EVs in 

the hydrogels. A combinatory effect of DMSC-EVs and s-dAM hydrogels would 

potentially increase the half-life of the EVs in body, protect them from fast clearance and 

therefore maintain beneficial effect of EVs for a longer time and would be an extra benefit 

to the outcome that was observed with the s-dAM hydrogels alone. 

The collagen gelfoam meshes used in the Vujank study were used solely as a carrier for 

sustainable delivery of EVs [181]. Whereas, the results of Chapter 3 of this thesis 



Chapter 5: Conclusion and Future Works 
 

Page 117 

highlighted the importance of the selection of growth substrates as one of the key 

contributors in improved DMSCs behaviours. Furthermore, investigations are essential to 

see whether the interaction of EVs with ECM components contributes to this improved 

behaviour, or each component is asserting their effect independently. I suggest 

investigating the effect of amnion-derived hydrogels and EVs on DMSCs separately and 

in combination in-vivo, and studying the effect of these two on cell survival, retention and 

the overall regenerative response. Additionally, I suggest investigating how the presence 

of ECM components will affect release profile, biodistribution and bioactivity of DMSC-

derived EVs. I  hypothesize that the combination of these two niche components will 

further improve the efficiency of this therapy and will have implications for an improved 

therapeutics design.  

Finally, there are a few technical challenges to increase the feasibility of using this 

platform in clinics. First, the materials, reagent and the procedures that have been used for 

this study are all laboratory-grade which is not suitable for clinical application. As such, 

the protocols developed in this study need to be optimised according to good 

manufacturing practice (GMP) guidelines that include: 

- using the clinical-grade reagents 

- minimizing incubation times to avoid contaminations 

- developing a detailed protocol for handling, storage, packaging and distribution 

of the biomaterials 

- sterilising before implantation into a human body 

- in-process sampling/control, contamination and quality control tests 

- monitoring stability of the samples. 
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Apart from following GMP guideline, the current methods that are used to isolate EVs are 

time-consuming, expensive and laborious. Developing a continuous and automated 

procedure with high yields, accuracy and specificity such as microfluidics-based 

techniques could spark new possibilities in using EV-based therapies. 

 

 

 

 

 

 

  



 

 

 

 

 

 

 

Bibliography 

  



 

 

 

 

 

  



 

Page 121 

Bibliography 

[1] Mimeault M, Hauke R, Batra SK. Stem Cells: A Revolution in Therapeutics—Recent 
Advances in Stem Cell Biology and Their Therapeutic Applications in Regenerative 
Medicine and Cancer Therapies. Clinical Pharmacology & Therapeutics 2007;82:252-64. 
[2] Mimeault M, Batra SK. Concise Review: Recent Advances on the Significance of 
Stem Cells in Tissue Regeneration and Cancer Therapies. Stem Cells 2006;24:2319-45. 
[3] Sylvester KG, Longaker MT. Stem cells: review and update. Archives of Surgery 
2004;139:93-9. 
[4] Wolf DP, Morey R, Kang E, Ma H, Hayama T, Laurent LC, et al. Concise review: 
embryonic stem cells derived by somatic cell nuclear transfer: a horse in the race? Stem 
Cells 2017;35:26-34. 
[5] Biswas A, Hutchins R. Embryonic stem cells. Stem cells and development 
2007;16:213-22. 
[6] Evangelista M, Soncini M, Parolini O. Placenta-derived stem cells: new hope for cell 
therapy? Cytotechnology 2008;58:33-42. 
[7] Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, et al. Induction 
of pluripotent stem cells from adult human fibroblasts by defined factors. cell 
2007;131:861-72. 
[8] Ilic D, Ogilvie C. Concise review: Human embryonic stem cells—what have we done? 
What are we doing? Where are we going? Stem Cells 2017;35:17-25. 
[9] Cossu G, Birchall M, Brown T, De Coppi P, Culme-Seymour E, Gibbon S, et al. 
Lancet commission: stem cells and regenerative medicine. The Lancet 2017. 
[10] Garber K. RIKEN suspends first clinical trial involving induced pluripotent stem 
cells. Nature Publishing Group; 2015. 
[11] Mandai M, Watanabe A, Kurimoto Y, Hirami Y, Morinaga C, Daimon T, et al. 
Autologous induced stem-cell–derived retinal cells for macular degeneration. New 
England Journal of Medicine 2017;376:1038-46. 
[12] Hamazaki T, El Rouby N, Fredette NC, Santostefano KE, Terada N. Concise review: 
induced pluripotent stem cell research in the era of precision medicine. Stem Cells 
2017;35:545-50. 
[13] Ng CP, Sharif ARM, Heath DE, Chow JW, Zhang CB, Chan-Park MB, et al. 
Enhanced ex vivo expansion of adult mesenchymal stem cells by fetal mesenchymal stem 
cell ECM. Biomaterials 2014;35:4046-57. 
[14] Wei X, Yang X, Han Z-p, Qu F-f, Shao L, Shi Y-f. Mesenchymal stem cells: a new 
trend for cell therapy. Acta Pharmacologica Sinica 2013;34:747. 
[15] Bara JJ, Richards RG, Alini M, Stoddart MJ. Concise review: Bone marrow‐derived 
mesenchymal stem cells change phenotype following in vitro culture: implications for 
basic research and the clinic. Stem cells 2014;32:1713-23. 
[16] Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, Krause D, et al. 
Minimal criteria for defining multipotent mesenchymal stromal cells. The International 
Society for Cellular Therapy position statement. Cytotherapy 2006;8:315-7. 
[17] Krampera M, Galipeau J, Shi Y, Tarte K, Sensebe L. Immunological characterization 
of multipotent mesenchymal stromal cells—The International Society for Cellular Therapy 
(ISCT) working proposal. Cytotherapy 2013;15:1054-61. 
[18] Baksh D, Yao R, Tuan RS. Comparison of proliferative and multilineage 
differentiation potential of human mesenchymal stem cells derived from umbilical cord 
and bone marrow. Stem cells 2007;25:1384-92. 



 

Page 122 

[19] Lv F-J, Tuan RS, Cheung KM, Leung VY. Concise review: the surface markers and 
identity of human mesenchymal stem cells. Stem cells 2014;32:1408-19. 
[20] Crisan M, Yap S, Casteilla L, Chen C-W, Corselli M, Park TS, et al. A perivascular 
origin for mesenchymal stem cells in multiple human organs. Cell stem cell 2008;3:301-
13. 
[21] Abumaree M, Al Jumah M, Pace RA, Kalionis B. Immunosuppressive properties of 
mesenchymal stem cells. Stem Cell Reviews and Reports 2012;8:375-92. 
[22] Meierhenry JA, Ryzhuk V, Miguelino MG, Lankford L, Powell JS, Farmer D, et al. 
Placenta as a source of stem cells for regenerative medicine. Current Pathobiology Reports 
2015;3:9-16. 
[23] Heo JS, Choi Y, Kim H-S, Kim HO. Comparison of molecular profiles of human 
mesenchymal stem cells derived from bone marrow, umbilical cord blood, placenta and 
adipose tissue. International journal of molecular medicine 2016;37:115-25. 
[24] in't Anker PS, Scherjon SA, Kleijburg‐van der Keur C, de Groot‐Swings GM, Claas 
FH, Fibbe WE, et al. Isolation of mesenchymal stem cells of fetal or maternal origin from 
human placenta. Stem cells 2004;22:1338-45. 
[25] Kern S, Eichler H, Stoeve J, Klüter H, Bieback K. Comparative analysis of 
mesenchymal stem cells from bone marrow, umbilical cord blood, or adipose tissue. Stem 
cells 2006;24:1294-301. 
[26] Kusuma GD, Manuelpillai U, Abumaree M, Pertile MD, Brennecke SP, Kalionis B. 
Mesenchymal stem cells reside in a vascular niche in the decidua basalis and are absent in 
remodelled spiral arterioles. Placenta 2015;36:312-21. 
[27] Lee OK, Kuo TK, Chen W-M, Lee K-D, Hsieh S-L, Chen T-H. Isolation of 
multipotent mesenchymal stem cells from umbilical cord blood. Blood 2004;103:1669-75. 
[28] Miao Z, Jin J, Chen L, Zhu J, Huang W, Zhao J, et al. Isolation of mesenchymal stem 
cells from human placenta: comparison with human bone marrow mesenchymal stem 
cells. Cell biology international 2006;30:681-7. 
[29] Fukuchi Y, Nakajima H, Sugiyama D, Hirose I, Kitamura T, Tsuji K. Human 
placenta‐derived cells have mesenchymal stem/progenitor cell potential. Stem cells 
2004;22:649-58. 
[30] Wang A, Brown EG, Lankford L, Keller BA, Pivetti CD, Sitkin NA, et al. Placental 
mesenchymal stromal cells rescue ambulation in ovine myelomeningocele. Stem cells 
translational medicine 2015;4:659-69. 
[31] Trounson A, McDonald C. Stem cell therapies in clinical trials: progress and 
challenges. Cell stem cell 2015;17:11-22. 
[32] Wilson A, Trumpp A. Bone-marrow haematopoietic-stem-cell niches. Nature 
Reviews Immunology 2006;6:93. 
[33] Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD, et al. 
Multilineage potential of adult human mesenchymal stem cells. science 1999;284:143-7. 
[34] Narbona-Carceles J, Vaquero J, Suárez-Sancho S, Forriol F, Fernández-Santos ME. 
Bone marrow mesenchymal stem cell aspirates from alternative sources is the knee as 
good as the iliac crest? Injury 2014;45:S42-S7. 
[35] Lai Y, Sun Y, Skinner CM, Son EL, Lu Z, Tuan RS, et al. Reconstitution of marrow-
derived extracellular matrix ex vivo: a robust culture system for expanding large-scale 
highly functional human mesenchymal stem cells. Stem cells and development 
2010;19:1095-107. 
[36] Santos Fd, Andrade PZ, Abecasis MM, Gimble JM, Chase LG, Campbell AM, et al. 
Toward a clinical-grade expansion of mesenchymal stem cells from human sources: a 
microcarrier-based culture system under xeno-free conditions. Tissue Engineering Part C: 
Methods 2011;17:1201-10. 



 

Page 123 

[37] Binato R, de Souza Fernandez T, Lazzarotto‐Silva C, Du Rocher B, Mencalha A, 
Pizzatti L, et al. Stability of human mesenchymal stem cells during in vitro culture: 
considerations for cell therapy. Cell proliferation 2013;46:10-22. 
[38] Whitfield MJ, Lee WCJ, Van Vliet KJ. Onset of heterogeneity in culture-expanded 
bone marrow stromal cells. Stem Cell Research 2013;11:1365-77. 
[39] Gentili C, Bianco P, Neri M, Malpeli M, Campanile G, Castagnola P, et al. Cell 
proliferation, extracellular matrix mineralization, and ovotransferrin transient expression 
during in vitro differentiation of chick hypertrophic chondrocytes into osteoblast-like cells. 
The Journal of cell biology 1993;122:703-12. 
[40] Buhring H-J, Battula VL, Treml S, Schewe B, Kanz L, Vogel W. Novel markers for 
the prospective isolation of human MSC. Annals of the New York Academy of Sciences 
2007;1106:262-71. 
[41] Chai C, Leong KW. Biomaterials approach to expand and direct differentiation of 
stem cells. Molecular therapy 2007;15:467-80. 
[42] Prewitz M, Seib FP, Pompe T, Werner C. Polymeric biomaterials for stem cell 
bioengineering. Macromolecular rapid communications 2012;33:1420-31. 
[43] Seib FP, Müller K, Franke M, Grimmer M, Bornhäuser M, Werner C. Engineered 
extracellular matrices modulate the expression profile and feeder properties of bone 
marrow-derived human multipotent mesenchymal stromal cells. Tissue Engineering Part 
A 2009;15:3161-71. 
[44] Villa‐Diaz L, Brown S, Liu Y, Ross A, Lahann J, Parent J, et al. Derivation of 
mesenchymal stem cells from human induced pluripotent stem cells cultured on synthetic 
substrates. Stem Cells 2012;30:1174-81. 
[45] Chen X-D, Dusevich V, Feng JQ, Manolagas SC, Jilka RL. Extracellular Matrix 
Made by Bone Marrow Cells Facilitates Expansion of Marrow-Derived Mesenchymal 
Progenitor Cells and Prevents Their Differentiation Into Osteoblasts. Journal of Bone and 
Mineral Research 2007;22:1943-56. 
[46] Prewitz MC, Seib FP, von Bonin M, Friedrichs J, Stißel A, Niehage C, et al. Tightly 
anchored tissue-mimetic matrices as instructive stem cell microenvironments. Nature 
methods 2013;10:788-94. 
[47] Ming Pei FH, and Vincent L. Kish. Expansion on Extracellular Matrix Deposited by 
Human Bone Marrow Stromal Cells Facilitates Stem Cell Proliferation and Tissue-
Specific Lineage Potential. Tissue Engineering Part A 2011;17:3067-76. 
[48] Sudhakara Rao Pattabhi JSM, Thomas C. S Keller. Decellularized ECM effects on 
human mesenchymal stem cell stemness and differentiation. Differentiation 2014;88:131-
43. 
[49] Decaris ML, Mojadedi A, Bhat A, Leach JK. Transferable cell-secreted extracellular 
matrices enhance osteogenic differentiation. Acta Biomaterialia 2012;8:744-52. 
[50] Hang Lin GY, Jian Tan, Rocky S. Tuan. Influence of decellularized matrix derived 
from human mesenchymal stem cells on their proliferation, migration and multi-lineage 
differentiation potential. Biomaterials 2012;33:4480-9. 
[51] Yun Sun WL, Zhengding Lu, Richard Chen, Jian Ling, Qitao Ran, Robert L Jilka, 
Xiao-Dong Chen, . Rescuing replication and osteogenesis of aged mesenchymal stem cells 
by exposure to a young extracellular matrix. The FASEB Journal 2011;25:1474-85. 
[52] Martin L. Decaris BYB, Matthew A. Soicher, Archana Bhat, and J. Kent Leach. Cell-
Derived Matrix Coatings for Polymeric Scaffolds. Tissue Engineering Part A 
2012;18:2148-57. 



 

Page 124 

[53] Wilson A, Oser GM, Jaworski M, BLANCO‐BOSE WE, Laurenti E, Adolphe C, et 
al. Dormant and self‐renewing hematopoietic stem cells and their niches. Annals of the 
New York Academy of Sciences 2007;1106:64-75. 
[54] Jones DL, Wagers AJ. No place like home: anatomy and function of the stem cell 
niche. Nature reviews Molecular cell biology 2008;9:11. 
[55] Ehninger A, Trumpp A. The bone marrow stem cell niche grows up: mesenchymal 
stem cells and macrophages move in. Journal of Experimental Medicine 2011;208:421-8. 
[56] Méndez-Ferrer S, Michurina TV, Ferraro F, Mazloom AR, MacArthur BD, Lira SA, 
et al. Mesenchymal and haematopoietic stem cells form a unique bone marrow niche. 
Nature 2010;466:829. 
[57] Morrison SJ, Spradling AC. Stem cells and niches: mechanisms that promote stem 
cell maintenance throughout life. Cell 2008;132:598-611. 
[58] Basciano L, Nemos C, Foliguet B, de Isla N, de Carvalho M, Tran N, et al. Long term 
culture of mesenchymal stem cells in hypoxia promotes a genetic program maintaining 
their undifferentiated and multipotent status. BMC cell biology 2011;12:12. 
[59] Eltoukhy HS, Sinha G, Moore CA, Gergues M, Rameshwar P. Secretome within the 
bone marrow microenvironment: A basis for mesenchymal stem cell treatment and role in 
cancer dormancy. Biochimie 2018;155:92-103. 
[60] Adams GB, Scadden DT. The hematopoietic stem cell in its place. Nature 
immunology 2006;7:333. 
[61] Watt FM, Huck WT. Role of the extracellular matrix in regulating stem cell fate. 
Nature reviews Molecular cell biology 2013;14:467. 
[62] Gattazzo F, Urciuolo A, Bonaldo P. Extracellular matrix: a dynamic 
microenvironment for stem cell niche. Biochimica et Biophysica Acta (BBA)-General 
Subjects 2014;1840:2506-19. 
[63] Badylak SF, Taylor D, Uygun K. Whole-organ tissue engineering: decellularization 
and recellularization of three-dimensional matrix scaffolds. Annual review of biomedical 
engineering 2011;13:27-53. 
[64] Hoshiba T, Lu H, Kawazoe N, Chen G. Decellularized matrices for tissue 
engineering. Expert opinion on biological therapy 2010;10:1717-28. 
[65] Hynes RO. The extracellular matrix: not just pretty fibrils. Science 2009;326:1216-9. 
[66] Cox TR, Erler JT. Remodeling and homeostasis of the extracellular matrix: 
implications for fibrotic diseases and cancer. Disease models & mechanisms 2011:dmm. 
004077. 
[67] Brown BN, Badylak SF. Extracellular matrix as an inductive scaffold for functional 
tissue reconstruction. Translational Research 2014;163:268-85. 
[68] Tkach M, Théry C. Communication by extracellular vesicles: where we are and 
where we need to go. Cell 2016;164:1226-32. 
[69] Pethő A, Chen Y, George A. Exosomes in Extracellular Matrix Bone Biology. 
Current osteoporosis reports 2018;16:58-64. 
[70] Raposo G, Stoorvogel W. Extracellular vesicles: exosomes, microvesicles, and 
friends. J Cell Biol 2013;200:373-83. 
[71] Gatti S, Bruno S, Deregibus MC, Sordi A, Cantaluppi V, Tetta C, et al. Microvesicles 
derived from human adult mesenchymal stem cells protect against ischaemia–reperfusion-
induced acute and chronic kidney injury. Nephrology Dialysis Transplantation 
2011;26:1474-83. 
[72] Zhou Y, Xu H, Xu W, Wang B, Wu H, Tao Y, et al. Exosomes released by human 
umbilical cord mesenchymal stem cells protect against cisplatin-induced renal oxidative 
stress and apoptosis in vivo and in vitro. Stem cell research & therapy 2013;4:34. 



 

Page 125 

[73] Arslan F, Lai RC, Smeets MB, Akeroyd L, Choo A, Aguor EN, et al. Mesenchymal 
stem cell-derived exosomes increase ATP levels, decrease oxidative stress and activate 
PI3K/Akt pathway to enhance myocardial viability and prevent adverse remodeling after 
myocardial ischemia/reperfusion injury. Stem cell research 2013;10:301-12. 
[74] Li T, Yan Y, Wang B, Qian H, Zhang X, Shen L, et al. Exosomes derived from 
human umbilical cord mesenchymal stem cells alleviate liver fibrosis. Stem cells and 
development 2012;22:845-54. 
[75] Zhu Yg, Feng Xm, Abbott J, Fang Xh, Hao Q, Monsel A, et al. Human mesenchymal 
stem cell microvesicles for treatment of Escherichia coli endotoxin‐induced acute lung 
injury in mice. Stem cells 2014;32:116-25. 
[76] Zhang B, Wang M, Gong A, Zhang X, Wu X, Zhu Y, et al. HucMSC‐exosome 
mediated‐Wnt4 signaling is required for cutaneous wound healing. Stem cells 
2015;33:2158-68. 
[77] van Niel G, D'Angelo G, Raposo G. Shedding light on the cell biology of 
extracellular vesicles. Nature Reviews Molecular Cell Biology 2018;19:213. 
[78] Keane TJ, Swinehart IT, Badylak SF. Methods of tissue decellularization used for 
preparation of biologic scaffolds and in vivo relevance. Methods 2015;84:25-34. 
[79] Amensag S, McFetridge PS. Tuning scaffold mechanics by laminating native 
extracellular matrix membranes and effects on early cellular remodeling. Journal of 
Biomedical Materials Research Part A 2014;102:1325-33. 
[80] Ott HC, Matthiesen TS, Goh S-K, Black LD, Kren SM, Netoff TI, et al. Perfusion-
decellularized matrix: using nature's platform to engineer a bioartificial heart. Nature 
medicine 2008;14:213. 
[81] Stern MM, Myers RL, Hammam N, Stern KA, Eberli D, Kritchevsky SB, et al. The 
influence of extracellular matrix derived from skeletal muscle tissue on the proliferation 
and differentiation of myogenic progenitor cells ex vivo. Biomaterials 2009;30:2393-9. 
[82] Medberry CJ, Crapo PM, Siu BF, Carruthers CA, Wolf MT, Nagarkar SP, et al. 
Hydrogels derived from central nervous system extracellular matrix. Biomaterials 
2013;34:1033-40. 
[83] Gilbert TW, Sellaro TL, Badylak SF. Decellularization of tissues and organs. 
Biomaterials 2006;27:3675-83. 
[84] Sutherland AJ, Converse GL, Hopkins RA, Detamore MS. The bioactivity of 
cartilage extracellular matrix in articular cartilage regeneration. Advanced healthcare 
materials 2015;4:29-39. 
[85] Shakouri-Motlagh A, O'Connor AJ, Brennecke SP, Kalionis B, Heath DE. Native and 
solubilized decellularized extracellular matrix: a critical assessment of their potential for 
improving the expansion of mesenchymal stem cells. Acta Biomaterialia 2017. 
[86] Crapo PM, Gilbert TW, Badylak SF. An overview of tissue and whole organ 
decellularization processes. Biomaterials 2011;32:3233-43. 
[87] Wilshaw S-P, Kearney JN, Fisher J, Ingham E. Production of an acellular amniotic 
membrane matrix for use in tissue engineering. Tissue engineering 2006;12:2117-29. 
[88] Shortt AJ, Secker GA, Lomas RJ, Wilshaw SP, Kearney JN, Tuft SJ, et al. The effect 
of amniotic membrane preparation method on its ability to serve as a substrate for the ex-
vivo expansion of limbal epithelial cells. Biomaterials 2009;30:1056-65. 
[89] Iwasaki K, Komaki M, Yokoyama N, Tanaka Y, Taki A, Honda I, et al. Periodontal 
regeneration using periodontal ligament stem cell-transferred amnion. Tissue Engineering 
Part A 2013;20:693-704. 



 

Page 126 

[90] Wilshaw S-P, Kearney J, Fisher J, Ingham E. Biocompatibility and potential of 
acellular human amniotic membrane to support the attachment and proliferation of 
allogeneic cells. Tissue Engineering Part A 2008;14:463-72. 
[91] Chen Y-J, Chung M-C, Yao C-CJ, Huang C-H, Chang H-H, Jeng J-H, et al. The 
effects of acellular amniotic membrane matrix on osteogenic differentiation and ERK1/2 
signaling in human dental apical papilla cells. Biomaterials 2012;33:455-63. 
[92] Ishino Y, Sano Y, Nakamura T, Connon CJ, Rigby H, Fullwood NJ, et al. Amniotic 
membrane as a carrier for cultivated human corneal endothelial cell transplantation. 
Investigative Ophthalmology and Visual Science 2004;45:800-6. 
[93] Chen B, Jones RR, Mi S, Foster J, Alcock SG, Hamley IW, et al. The mechanical 
properties of amniotic membrane influence its effect as a biomaterial for ocular surface 
repair. Soft Matter 2012;8:8379-87. 
[94] Chen B, Mi S, Wright B, Connon CJ. Differentiation status of limbal epithelial cells 
cultured on intact and denuded amniotic membrane before and after air-lifting. Tissue 
Engineering Part A 2010;16:2721-9. 
[95] Ji S-z, Xiao S-c, Luo P-f, Huang G-f, Wang G-y, Zhu S-h, et al. An epidermal stem 
cells niche microenvironment created by engineered human amniotic membrane. 
Biomaterials 2011;32:7801-11. 
[96] Li W, Ma G, Brazile B, Li N, Dai W, Butler JR, et al. Investigating the Potential of 
Amnion-Based Scaffolds as a Barrier Membrane for Guided Bone Regeneration. 
Langmuir 2015;31:8642-53. 
[97] Yuan J, Li W, Huang J, Guo X, Li X, Lu X, et al. Transplantation of human adipose 
stem cell-derived hepatocyte-like cells with restricted localization to liver using acellular 
amniotic membrane. Stem cell research & therapy 2015;6:1. 
[98] Bourne G. The foetal membranes: a review of the anatomy of normal amnion and 
chorion and some aspects of their function. Postgraduate medical journal 1962;38:193. 
[99] Parolini O, Alviano F, Bagnara GP, Bilic G, Bühring HJ, Evangelista M, et al. 
Concise review: isolation and characterization of cells from human term placenta: 
outcome of the first international Workshop on Placenta Derived Stem Cells. Stem cells 
2008;26:300-11. 
[100] Castrechini N, Murthi P, Qin S, Kusuma G, Wilton L, Abumaree M, et al. Decidua 
parietalis-derived mesenchymal stromal cells reside in a vascular niche within the 
choriodecidua. Reproductive sciences 2012;19:1302-14. 
[101] Ilancheran S, Moodley Y, Manuelpillai U. Human fetal membranes: a source of 
stem cells for tissue regeneration and repair? Placenta 2009;30:2-10. 
[102] Qin SQ, Kusuma GD, Al-Sowayan B, Pace RA, Isenmann S, Pertile MD, et al. 
Establishment and characterization of fetal and maternal mesenchymal stem/stromal cell 
lines from the human term placenta. Placenta 2016;39:134-46. 
[103] Lee JM, Jung J, Lee H-J, Jeong SJ, Cho KJ, Hwang S-G, et al. Comparison of 
immunomodulatory effects of placenta mesenchymal stem cells with bone marrow and 
adipose mesenchymal stem cells. International immunopharmacology 2012;13:219-24. 
[104] Kusuma GD, Brennecke SP, O’Connor AJ, Kalionis B, Heath DE. Decellularized 
extracellular matrices produced from immortal cell lines derived from different parts of 
the placenta support primary mesenchymal stem cell expansion. PloS one 
2017;12:e0171488. 
[105] Bhattacharya N, Stubblefield P. Regenerative medicine using pregnancy-specific 
biological substances: Springer Science & Business Media; 2010. 
[106] Davis JS. Skin transplantation. Johns Hopkins Hospital Reports 1910;15:307-96. 
[107] Kesting MR, Wolff K-D, Hohlweg-Majert B, Steinstraesser L. The role of allogenic 
amniotic membrane in burn treatment. Journal of burn care & research 2008;29:907-16. 



 

Page 127 

[108] Dua HS, Gomes JA, King AJ, Maharajan VS. The amniotic membrane in 
ophthalmology. Survey of ophthalmology 2004;49:51-77. 
[109] Silini AR, Cargnoni A, Magatti M, Pianta S, Parolini O. The long path of human 
placenta, and its derivatives, in regenerative medicine. Frontiers in bioengineering and 
biotechnology 2015;3:162. 
[110] Nisolle M, Donnez J. Vaginoplasty using amniotic membranes in cases of vaginal 
agenesis or after vaginectomy. Journal of gynecologic surgery 1992;8:25-30. 
[111] Jin CZ, Park SR, Choi BH, Lee K-Y, Kang CK, Min B-H. Human amniotic 
membrane as a delivery matrix for articular cartilage repair. Tissue engineering 
2007;13:693-702. 
[112] Rennekampff H-O, Dohrmann P, Föry R, Fandrich F. Evaluation of amniotic 
membrane as adhesion prophylaxis in a novel surgical gastroschisis model. Journal of 
Investigative Surgery 1994;7:187-93. 
[113] Mohammad J, Shenaq J, Rabinovsky E, Shenaq S. Modulation of peripheral nerve 
regeneration: a tissue-engineering approach. The role of amnion tube nerve conduit across 
a 1-centimeter nerve gap. Plastic and Reconstructive Surgery 2000;105:660-6. 
[114] Díaz-Prado S, Rendal-Vázquez ME, Muiños-López E, Hermida-Gómez T, 
Rodríguez-Cabarcos M, Fuentes-Boquete I, et al. Potential use of the human amniotic 
membrane as a scaffold in human articular cartilage repair. Cell and tissue banking 
2010;11:183-95. 
[115] Bryant-Greenwood G. The extracellular matrix of the human fetal membranes: 
structure and function. Placenta 1998;19:1-11. 
[116] Fuchs E, Tumbar T, Guasch G. Socializing with the neighbors: stem cells and their 
niche. Cell 2004;116:769-78. 
[117] Voog J, Jones DL. Stem cells and the niche: a dynamic duo. Cell stem cell 
2010;6:103-15. 
[118] Lutolf MP, Gilbert PM, Blau HM. Designing materials to direct stem-cell fate. 
Nature 2009;462:433. 
[119] Witwer KW, Buzas EI, Bemis LT, Bora A, Lässer C, Lötvall J, et al. 
Standardization of sample collection, isolation and analysis methods in extracellular 
vesicle research. Journal of extracellular vesicles 2013;2:20360. 
[120] Théry C, Amigorena S, Raposo G, Clayton A. Isolation and characterization of 
exosomes from cell culture supernatants and biological fluids. Current protocols in cell 
biology 2006:3.22. 1-3.. 9. 
[121] Keogh R. New technology for investigating trophoblast function. Placenta 
2010;31:347-50. 
[122] Yong HE, Murthi P, Wong MH, Kalionis B, Cartwright JE, Brennecke SP, et al. 
Effects of normal and high circulating concentrations of activin A on vascular endothelial 
cell functions and vasoactive factor production. Pregnancy Hypertension: An International 
Journal of Women's Cardiovascular Health 2015;5:346-53. 
[123] Karimi F, McKenzie TG, O'Connor AJ, Qiao GG, Heath DE. Nano-scale clustering 
of integrin-binding ligands regulates endothelial cell adhesion, migration, and 
endothelialization rate: novel materials for small diameter vascular graft applications. 
Journal of Materials Chemistry B 2017;5:5942-53. 
[124] Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time 
quantitative PCR and the 2− ΔΔCT method. methods 2001;25:402-8. 
[125] Schofield R. The relationship between the spleen colony-forming cell and the 
haemopoietic stem cell. Blood cells 1978;4:7-25. 



 

Page 128 

[126] Kolf CM, Cho E, Tuan RS. Mesenchymal stromal cells: biology of adult 
mesenchymal stem cells: regulation of niche, self-renewal and differentiation. Arthritis 
research & therapy 2007;9:204. 
[127] Lim JWE, Bodnar A. Proteome analysis of conditioned medium from mouse 
embryonic fibroblast feeder layers which support the growth of human embryonic stem 
cells. PROTEOMICS: International Edition 2002;2:1187-203. 
[128] Xu C, Inokuma MS, Denham J, Golds K, Kundu P, Gold JD, et al. Feeder-free 
growth of undifferentiated human embryonic stem cells. Nature biotechnology 
2001;19:971. 
[129] Ionescu L, Byrne RN, van Haaften T, Vadivel A, Alphonse RS, Rey-Parra GJ, et al. 
Stem cell conditioned medium improves acute lung injury in mice: in vivo evidence for 
stem cell paracrine action. American Journal of Physiology-Lung Cellular and Molecular 
Physiology 2012;303:L967-L77. 
[130] Zhang S, Chuah SJ, Lai RC, Hui JHP, Lim SK, Toh WS. MSC exosomes mediate 
cartilage repair by enhancing proliferation, attenuating apoptosis and modulating immune 
reactivity. Biomaterials 2018;156:16-27. 
[131] Witwer KW, Soekmadji C, Hill AF, Wauben MH, Buzás EI, Di Vizio D, et al. 
Updating the MISEV minimal requirements for extracellular vesicle studies: building 
bridges to reproducibility. Taylor & Francis; 2017. 
[132] Heldring N, Mäger I, Wood MJ, Le Blanc K, Andaloussi SE. Therapeutic potential 
of multipotent mesenchymal stromal cells and their extracellular vesicles. Human gene 
therapy 2015;26:506-17. 
[133] Mu W, Rana S, Zöller M. Host matrix modulation by tumor exosomes promotes 
motility and invasiveness. Neoplasia (New York, NY) 2013;15:875. 
[134] Maas SL, Breakefield XO, Weaver AM. Extracellular vesicles: unique intercellular 
delivery vehicles. Trends in cell biology 2017;27:172-88. 
[135] Sung BH, Ketova T, Hoshino D, Zijlstra A, Weaver AM. Directional cell movement 
through tissues is controlled by exosome secretion. Nature communications 2015;6:7164. 
[136] da Silva Meirelles L, Fontes AM, Covas DT, Caplan AI. Mechanisms involved in 
the therapeutic properties of mesenchymal stem cells. Cytokine & growth factor reviews 
2009;20:419-27. 
[137] Toh WS, Lai RC, Hui JHP, Lim SK. MSC exosome as a cell-free MSC therapy for 
cartilage regeneration: implications for osteoarthritis treatment.  Seminars in cell & 
developmental biology: Elsevier; 2017. p. 56-64. 
[138] De Luca L, Trino S, Laurenzana I, Simeon V, Calice G, Raimondo S, et al. MiRNAs 
and piRNAs from bone marrow mesenchymal stem cell extracellular vesicles induce cell 
survival and inhibit cell differentiation of cord blood hematopoietic stem cells: a new 
insight in transplantation. Oncotarget 2016;7:6676. 
[139] Wang S, Li X, Xu M, Wang J, Zhao RC. Reduced adipogenesis after lung tumor 
exosomes priming in human mesenchymal stem cells via TGFβ signaling pathway. 
Molecular and cellular biochemistry 2017;435:59-66. 
[140] Sagar G, Sah RP, Javeed N, Dutta SK, Smyrk TC, Lau JS, et al. Pathogenesis of 
pancreatic cancer exosome-induced lipolysis in adipose tissue. Gut 2016;65:1165-74. 
[141] Khanabdali R, Shakouri-Motlagh A, Wilkinson S, Murthi P, Georgiou HM, 
Brennecke SP, et al. Low-dose aspirin treatment enhances the adhesion of preeclamptic 
decidual mesenchymal stem/stromal cells and reduces their production of pro-
inflammatory cytokines. Journal of Molecular Medicine 2018:1-11. 
[142] Yang J, Liu X-X, Fan H, Tang Q, Shou Z-X, Zuo D-M, et al. Extracellular vesicles 
derived from bone marrow mesenchymal stem cells protect against experimental colitis 



 

Page 129 

via attenuating colon inflammation, oxidative stress and apoptosis. PLoS One 
2015;10:e0140551. 
[143] Zhang G, Zou X, Huang Y, Wang F, Miao S, Liu G, et al. Mesenchymal stromal 
cell-derived extracellular vesicles protect against acute kidney injury through anti-
oxidation by enhancing Nrf2/ARE activation in rats. Kidney and Blood Pressure Research 
2016;41:119-28. 
[144] Rilla K, Mustonen A-M, Arasu UT, Härkönen K, Matilainen J, Nieminen P. 
Extracellular vesicles are integral and functional components of the extracellular matrix. 
Matrix Biology 2017. 
[145] Jung T, Castellana D, Klingbeil P, Hernández IC, Vitacolonna M, Orlicky DJ, et al. 
CD44v6 dependence of premetastatic niche preparation by exosomes. Neoplasia 
2009;11:1093-IN17. 
[146] Hoshino D, Kirkbride KC, Costello K, Clark ES, Sinha S, Grega-Larson N, et al. 
Exosome secretion is enhanced by invadopodia and drives invasive behavior. Cell reports 
2013;5:1159-68. 
[147] Bandari SK, Purushothaman A, Ramani VC, Brinkley GJ, Chandrashekar DS, 
Varambally S, et al. Chemotherapy induces secretion of exosomes loaded with heparanase 
that degrades extracellular matrix and impacts tumor and host cell behavior. Matrix 
Biology 2018;65:104-18. 
[148] Li Y, Liu W, Liu F, Zeng Y, Zuo S, Feng S, et al. Primed 3D injectable microniches 
enabling low-dosage cell therapy for critical limb ischemia. Proceedings of the National 
Academy of Sciences 2014;111:13511-6. 
[149] Francis MP, Breathwaite E, Bulysheva AA, Varghese F, Rodriguez RU, Dutta S, et 
al. Human placenta hydrogel reduces scarring in a rat model of cardiac ischemia and 
enhances cardiomyocyte and stem cell cultures. Acta biomaterialia 2017;52:92-104. 
[150] Rao N, Agmon G, Tierney MT, Ungerleider JL, Braden RL, Sacco A, et al. 
Engineering an Injectable Muscle-Specific Microenvironment for Improved Cell Delivery 
Using a Nanofibrous Extracellular Matrix Hydrogel. ACS nano 2017;11:3851-9. 
[151] Kuraitis D, Giordano C, Ruel M, Musarò A, Suuronen EJ. Exploiting extracellular 
matrix-stem cell interactions: a review of natural materials for therapeutic muscle 
regeneration. Biomaterials 2012;33:428-43. 
[152] Menasche P, Vanneaux V, Fabreguettes J-R, Bel A, Tosca L, Garcia S, et al. 
Towards a clinical use of human embryonic stem cell-derived cardiac progenitors: a 
translational experience. European Heart Journal 2014;36:743-50. 
[153] Yang J, Yamato M, Kohno C, Nishimoto A, Sekine H, Fukai F, et al. Cell sheet 
engineering: recreating tissues without biodegradable scaffolds. Biomaterials 
2005;26:6415-22. 
[154] Rayatpisheh S, Heath DE, Shakouri A, Rujitanaroj P-O, Chew SY, Chan-Park MB. 
Combining cell sheet technology and electrospun scaffolding for engineered tubular, 
aligned, and contractile blood vessels. Biomaterials 2014;35:2713-9. 
[155] Lutolf M, Hubbell J. Synthetic biomaterials as instructive extracellular 
microenvironments for morphogenesis in tissue engineering. Nature biotechnology 
2005;23:47. 
[156] Wu J, Ding Q, Dutta A, Wang Y, Huang Y-h, Weng H, et al. An injectable 
extracellular matrix derived hydrogel for meniscus repair and regeneration. Acta 
biomaterialia 2015;16:49-59. 
[157] Massensini AR, Ghuman H, Saldin LT, Medberry CJ, Keane TJ, Nicholls FJ, et al. 
Concentration-dependent rheological properties of ECM hydrogel for intracerebral 
delivery to a stroke cavity. Acta biomaterialia 2015;27:116-30. 



 

Page 130 

[158] Ghuman H, Massensini AR, Donnelly J, Kim S-M, Medberry CJ, Badylak SF, et al. 
ECM hydrogel for the treatment of stroke: Characterization of the host cell infiltrate. 
Biomaterials 2016;91:166-81. 
[159] Spang MT, Christman KL. Extracellular matrix hydrogel therapies: in vivo 
applications and development. Acta biomaterialia 2017. 
[160] Singelyn JM, DeQuach JA, Seif-Naraghi SB, Littlefield RB, Schup-Magoffin PJ, 
Christman KL. Naturally derived myocardial matrix as an injectable scaffold for cardiac 
tissue engineering. Biomaterials 2009;30:5409-16. 
[161] Kočí Z, Výborný K, Dubišová J, Vacková I, Jäger A, Lunov O, et al. Extracellular 
matrix hydrogel derived from human umbilical cord as a scaffold for neural tissue repair 
and its comparison with extracellular matrix from porcine tissues. Tissue Engineering Part 
C: Methods 2017;23:333-45. 
[162] O'Neill JD, Freytes DO, Anandappa AJ, Oliver JA, Vunjak-Novakovic GV. The 
regulation of growth and metabolism of kidney stem cells with regional specificity using 
extracellular matrix derived from kidney. Biomaterials 2013;34:9830-41. 
[163] Lynch K, Pei M. Age associated communication between cells and matrix: a 
potential impact on stem cell-based tissue regeneration strategies. Organogenesis 
2014;10:289-98. 
[164] Ungerleider JL, Johnson TD, Hernandez MJ, Elhag DI, Braden RL, Dzieciatkowska 
M, et al. Extracellular matrix hydrogel promotes tissue remodeling, arteriogenesis, and 
perfusion in a rat hindlimb ischemia model. JACC: Basic to Translational Science 
2016;1:32-44. 
[165] Ungerleider J, Johnson T, Rao N, Christman K. Fabrication and characterization of 
injectable hydrogels derived from decellularized skeletal and cardiac muscle. Methods 
2015;84:53-9. 
[166] Cheng AY, García AJ. Engineering the matrix microenvironment for cell delivery 
and engraftment for tissue repair. Current opinion in biotechnology 2013;24:864-71. 
[167] Chiou GJ, Crowe C, McGoldrick R, Hui K, Pham H, Chang J. Optimization of an 
injectable tendon hydrogel: the effects of platelet-rich plasma and adipose-derived stem 
cells on tendon healing in vivo. Tissue Engineering Part A 2015;21:1579-86. 
[168] Adam Young D, Bajaj V, Christman KL. Award winner for outstanding research in 
the PhD category, 2014 Society for Biomaterials annual meeting and exposition, Denver, 
Colorado, April 16–19, 2014: decellularized adipose matrix hydrogels stimulate in vivo 
neovascularization and adipose formation. Journal of Biomedical Materials Research Part 
A 2014;102:1641-51. 
[169] Gibbons GW. Grafix®, a cryopreserved placental membrane, for the treatment of 
chronic/stalled wounds. Advances in wound care 2015;4:534-44. 
[170] Johnson TD, DeQuach JA, Gaetani R, Ungerleider J, Elhag D, Nigam V, et al. 
Human versus porcine tissue sourcing for an injectable myocardial matrix hydrogel. 
Biomaterials science 2014;2:735-44. 
[171] Saldin LT, Cramer MC, Velankar SS, White LJ, Badylak SF. Extracellular matrix 
hydrogels from decellularized tissues: structure and function. Acta biomaterialia 
2017;49:1-15. 
[172] Mousavi SJ, Doweidar MH. Role of mechanical cues in cell differentiation and 
proliferation: a 3D numerical model. PloS one 2015;10:e0124529. 
[173] Pouliot RA, Link PA, Mikhaiel NS, Schneck MB, Valentine MS, Kamga Gninzeko 
FJ, et al. Development and characterization of a naturally derived lung extracellular matrix 
hydrogel. Journal of Biomedical Materials Research Part A 2016;104:1922-35. 



 

Page 131 

[174] Sawkins M, Bowen W, Dhadda P, Markides H, Sidney L, Taylor A, et al. Hydrogels 
derived from demineralized and decellularized bone extracellular matrix. Acta 
biomaterialia 2013;9:7865-73. 
[175] Freytes DO, Martin J, Velankar SS, Lee AS, Badylak SF. Preparation and 
rheological characterization of a gel form of the porcine urinary bladder matrix. 
Biomaterials 2008;29:1630-7. 
[176] Stuart K, Panitch A. Influence of chondroitin sulfate on collagen gel structure and 
mechanical properties at physiologically relevant levels. Biopolymers: Original Research 
on Biomolecules 2008;89:841-51. 
[177] Zeng Y, Zhu L, Han Q, Liu W, Mao X, Li Y, et al. Preformed gelatin microcryogels 
as injectable cell carriers for enhanced skin wound healing. Acta biomaterialia 
2015;25:291-303. 
[178] Pati F, Jang J, Ha D-H, Kim SW, Rhie J-W, Shim J-H, et al. Printing three-
dimensional tissue analogues with decellularized extracellular matrix bioink. Nature 
communications 2014;5:3935. 
[179] Aguado BA, Mulyasasmita W, Su J, Lampe KJ, Heilshorn SC. Improving viability 
of stem cells during syringe needle flow through the design of hydrogel cell carriers. 
Tissue Engineering Part A 2011;18:806-15. 
[180] Armstrong JP, Stevens MM. Strategic design of extracellular vesicle drug delivery 
systems. Advanced drug delivery reviews 2018. 
[181] Liu B, Lee BW, Nakanishi K, Villasante A, Williamson R, Metz J, et al. Cardiac 
recovery via extended cell-free delivery of extracellular vesicles secreted by 
cardiomyocytes derived from induced pluripotent stem cells. Nature Biomedical 
Engineering 2018;2:293. 





 

 

 

 

 

 

 

 

Appendix



 

 

 

 



Appendix 

Page 135 

Appendix 1 

 



Appendix 

Page 136 



Appendix 

Page 137 



Appendix 

Page 138 



Appendix 

Page 139 



Appendix 

Page 140 



Appendix 

Page 141 



Appendix 

Page 142 



Appendix 

Page 143 



Appendix 

Page 144 



Appendix 

Page 145 



Appendix 

Page 146 



Appendix 

Page 147 

 



Appendix 

Page 148 

Appendix 2 

 



Appendix 

Page 149 



Appendix 

Page 150 



Appendix 

Page 151 



Appendix 

Page 152 



Appendix 

Page 153 



Appendix 

Page 154 

 



Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Shakouri-Motlagh, Aida

Title:
Improving ex-vivo expansion of mesenchymal stromal/stem cells using acellular fetal
membranes

Date:
2019

Persistent Link:
http://hdl.handle.net/11343/226864

Terms and Conditions:
Terms and Conditions: Copyright in works deposited in Minerva Access is retained by the
copyright owner. The work may not be altered without permission from the copyright owner.
Readers may only download, print and save electronic copies of whole works for their own
personal non-commercial use. Any use that exceeds these limits requires permission from
the copyright owner. Attribution is essential when quoting or paraphrasing from these works.

http://hdl.handle.net/11343/226864

	Abstract
	Declaration
	Preface
	Acknowledgement
	Publications and presentations arising from the thesis
	Conference proceedings
	Awards and scholarships
	Table of contents
	List of figures
	List of tables
	List of abbreviations
	Chapter 1 . Introduction
	1. 1. Stem cells: Definition and types
	1. 2. Placenta-derived MSCs
	1. 3. MSC-based therapies: Current status
	1. 4. The MSC niche
	1.4.1 Extracellular matrix (ECM)
	1.4.2 Extracellular vesicles (EVs)

	1. 5. Decellularised extracellular matrix
	1.5.1 Decellularisation Methods
	1.5.2 Sterilization methods

	1. 6. Fetal membranes: Naturally-derived biomaterials
	1.6.1 Structure and properties of term fetal membranes
	1.6.2 Stem cells in fetal membranes
	1.6.3 Historical application of fetal membranes as biomaterials

	1. 7. Applications of decellularised fetal membranes
	1.7.1 Growth surfaces to enhance stem cell properties
	1.7.2 Scaffolds and cell delivery

	1. 8. Thesis outline

	Chapter 2 . The effect of solubilised, decellularised fetal membranes on the growth of DMSCs
	2. 1. Schematic overview
	2. 2. Publication
	2. 3. Supplementary Information

	Chapter 3 . Extracellular Vesicles Support Improved Expansion of DMSCs on Fetal Membrane-Derived Extracellular Matrix
	3. 1. Introduction
	3. 2. Materials and Methods
	3.2.1 Cell culture
	3.2.2 Fetal membrane preparation
	3.2.3 Extracellular Vesicle Isolation
	3.2.4 Characterizing DMSC-EVs:
	a. Quantification of DMSC-EVs
	b. Transmission Electron Microscopy
	c. EV Size
	d. Western immunoblotting

	3.2.5 Bioactivity Assays
	a. DMSC-EV concentration optimisation
	b. Proliferation and Attachment Assay:
	c. Migration Assay
	d. Osteogenic Differentiation
	e. Adipogenic Differentiation
	f. RT-PCR
	g. Antioxidant capacity


	3. 3. Results
	3.3.1 Characterisation of DMSC-EVs
	3.3.2 DMSCs show dose-responsive behaviour to added DMSC-EVs
	3.3.3 DMSC attachment is a function of both substrates and DMSC-EV supplementation
	3.3.4 DMSC proliferation is a function of both substrates and DMSC-EV supplementation
	3.3.5 DMSCs migrate faster on s-dAM and s-dCM with addition of DMSC-EVs
	3.3.6 Addition of DMSC-EVs to DMSCs improves their osteogenic capacity of on s-dAM substrates
	3.3.7 The total antioxidant capacity of DMSCs improved on s-dAM and s-dCM after addition of DMSC-EVs

	3. 4. Discussion
	3. 5. Conclusion

	Chapter 4 . Injectable and Thermoreversible Hydrogels from Fetal Membrane-Derived Extracellular Matrix Improve DMSCs Behaviours
	4. 1. Introduction
	4. 2. Materials and Methods
	4.2.1 Placenta collection
	4.2.2 Fetal membrane decellularisation/solubilisation
	4.2.3 Gel preparation
	4.2.4 Rheological properties
	4.2.5 Scanning electron microscopy
	4.2.6 Cell culture and maintenance
	4.2.7 DMSC23 proliferation on hydrogels
	4.2.8 Immunostaining
	4.2.9 Adipogenesis
	4.2.10 Osteogenesis
	4.2.11 Injectibility Assays
	4.2.12 Statistics

	4. 3. Results
	4.3.1 Solubilized fetal membranes exhibit concentration and temperature dependent gelation capacity
	4.3.2 Gels produced from solubilized amniotic membrane promote DMSC proliferation
	4.3.3 All gels promoted DMSC adipogenesis
	4.3.4 Gels produced from solubilized amniotic membrane and Matrigel promote DMSC osteogenesis
	4.3.5 Solubilized fetal membranes are injectable
	4.3.6 DMSCs can retain viability through injection and exhibit improved proliferation in s-dAM and s-dCM gels after injection

	4. 4. Discussion
	4. 5. Conclusion

	Chapter 5 . Conclusion and Future Works
	5. 1. Thesis Conclusion
	5. 2. Future works

	Bibliography
	Appendix 1
	Appendix 2
	Blank Page

