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Abstract 
 
Peripheral Arterial Diseases (PAD) is a chronic and debilitating disease 

caused due to narrowing and hardening of arteries, that results in 

progressive deterioration of blood flow to the limbs. PAD commonly 

occurs in the presence of multiple comorbidities, including 

hypercholesterolemia, diabetes, obesity and stroke. On average one in 

twenty individuals over the age of 60 have some degree of arterial 

claudication and it worsens with age. Two thirds of the patients 

suffering from PAD develop a pathological condition called Critical 

Limb Ischemia (CLI). Limb ischemia induces severe hypoxia and 

degeneration of blood vessels resulting in irreversible damage 

manifested by gangrene or necrosis. 30% of those with CLI will require 

amputation within one year of diagnosis and 25% will die from 

circulatory complications.		
Several surgery-based endovascular interventions are only beneficial for 

patients with fewer occlusions and availability of autologous vein grafts. 

Delivery of genes and growth factors demonstrate transient efficacy due 

to low retention, degradation and non-maintenance of a physiologically 

relevant dose to trigger a regenerative response. Alternatively, delivery 

of stem cell factories that manufacture therapeutic proteins and modulate 

acute inflammatory response accelerate tissue regeneration. However, 

poor retention of the cells at the site of injection results in limited 

therapeutic effect. To maximize the therapeutic effect, a cell delivery 

platform was developed for in vivo delivery of human mesenchymal 

stem cells. A microgel-based cell delivery platform was fabricated to 

serve as a ‘restrain’ and ‘re-train’ implantable device, embedding human 

mesenchymal stem cells. In vitro studies showed that altering the 

macromolecular concentration can tune the paracrine responses of the 

mesenchymal stem cells in a time-dependent manner. Further, to test for 

therapeutic angiogenesis of the microgels there was a need for the 

development of a relevant pre-clinical animal model which manifests 

the severity of the CLI. Hence the femoral artery double-ligation model 
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was established in immunocompromised mouse that exhibits poor 

perfusion, ambulatory impairments and severe signs of tissue necrosis. 

Finally, the optimised microgels were tested at a low-cell dose (up to 20 

times lower than that of preclinical gold standard) in a pre-clinical 

hindlimb ischemia model developed in-house. The microgels 

accelerated formation of new blood vessels with reduced inflammatory 

response and impeded the progression of tissue damage. Furthermore, 

molecular analysis revealed that several key mediators of angiogenesis 

were upregulated in low-cell dose microgel group, providing a 

mechanistic insight of pathways modulated in vivo. The research adds to 

the current knowledge in cell encapsulation strategies by highlighting 

the preconditioning or priming capacity of biomaterials through cell- 

material interactions. In addition, obtaining therapeutic efficacy at a 

low-cell dose in the microgel platform is a promising clinical route that 

would aid in faster tissue repair and reperfusion and benefit several ‘no-

option’ patients suffering from CLI.  
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1.1 Peripheral Arterial Disease (PAD) 

Peripheral arterial disease (PAD) is a disorder that affects the blood 

circulation due to systemic manifestation of atherosclerosis, severely 

affecting the lower extremities, but also other organs perfused with blood. 

The risk factors associated with PAD include smoking, high blood pressure, 

hypertension, diabetes, high cholesterol and other age-related factors. The 

global prevalence of PAD increased by 24% from 2000 to 2010 i.e. from 

164 million to 202 million. In Europe, approximately 40 million cases and 

14.3 million cases in North America were reported in 20101. PAD affects 

one in 10 people over 70 years and is also a leading cause of coronary heart 

disease2. The disease progression leads to deprivation of blood and nutrients 

to tissues, especially limbs, causing intermittent claudication of the arteries, 

foot ulcers and gangrene of the foot. There is higher risk of limb loss if 

effective treatments are not administered in time. Although early stages of 

this disease can be treated by surgical interventions, studies have shown 

approximately 30% of the patients are not fit for surgical bypass procedures 

and are classified as ‘no-option’ Critical Limb Ischemia (CLI) patients who 

will undergo limb amputation. Only three quarters of the patients will 

survive longer than a year after the amputation3.  

Several strategies have been devised to improve blood perfusion or 

regenerate blood vessels to prevent tissue damage. Surgical interventions 

are mainly suited for patients who have healthy autologous vascular grafts. 

Alternatives such as stenting, angioplasty, atherectomy are successful if 

there is a major localised occlusion and not multiple claudications in smaller 

arteries. Administration of growth factors, nucleic acids encoding for 

growth factors and delivery of stem cells on its own or in combination have 

been considered as a promising strategy to promote regeneration of new 

blood vessels.  Stimulation of angiogenesis using delivery of growth factors 

or recombinant proteins have limited effect due to their short half-lives. 

Higher doses of the factors cause direct adverse effects such as hypotension 

after the delivery of fibroblast growth factor-2 (FGF-2). Delivery of 

vascular endothelial growth factor (VEGF) has also been reported to result 
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in leaky blood vessel and tissue edema4. Delivery of FGF-2 and VEGF is 

also linked to causing diabetic retinopathy and nephropathy4.  

Additionally, direct delivery of genes via pDNA is less effective due to poor 

transfection efficiency in vivo; whereas on the other hand, persistent 

expression of growth factors using viral vectors may cause long-term 

concerns in forming tumors or aberrant vascular pathologies5. Despite these 

concerns, hepatocyte growth factor pDNA based therapy have generated 

promising results in a double-blind randomised clinical trial. The outcome 

of the phase III clinical trial (ClinicalTrials.gov: NCT02144610) AnGes 

planned to include 500 patients across America and Europe has yet to be 

determined. Cell therapy using bone marrow-derived CD34+ cells, 

mononuclear cells and mesenchymal stem cells has been used for the 

treatment of CLI with success in several pre-clinical studies. Patients treated 

with autologous stem cells have shown less than 15% mortality6,7, but 

clinical outcomes have been inefficacious with respect to reduction in 

amputation rates among CLI patients8,9.  

 

1.2 Strategies to Overcome the Limitations of Stem Cell Therapy  

Stem cell delivery, both intramuscular and intra-arterial have been tested as 

a treatment for CLI. Intra-arterial bolus delivery of cells has been associated 

with high risk of myocardial infarction, congestive heart failure and 

stroke10,11. Hence intramuscular delivery of cells has been seen as a 

relatively safer route of administration for revascularisation. The two major 

mode of action for stem cell-mediated effect is proposed to be via paracrine 

activity with the secretion of growth factors or, by mobilisation of stem cells 

to the site of injury thus contributing to vascular repair, by modulating 

inflammatory responses and/or by integrating into the local host tissues. 

Circulating bone marrow derived cells are known to differentiate into 

endothelial cells and promote angiogenesis. It is also postulated that 

implantation of peripheral blood mononuclear cells (MNC) stimulate 

induced secretion of angiogenic factors by skeletal muscle cells12.  

Clinical trial comparing the efficacy of bone marrow-derived mononuclear 

cells and mesenchymal stem cells (MSCs) showed faster healing of ulcers in 
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the MSCs group compared to MNCs. However, no significant differences 

were observed in pain-free walking between the two groups at six months13. 

Even though these studies offer some promise, the complexity of stem cells 

and variability between donors based on the paracrine activity, pose a 

pertinent challenge in formulating a reproducible therapy. Other issues such 

as poor cell survival due to the pro-active inflammatory environment, off-

target migration and the possibility of teratoma formation are valid concerns 

for unmonitored and unrestrained delivery of cells14. Hence the use of 

biomaterials for delivery of therapeutic cells, becomes important to mitigate 

the disadvantages of cell injections.  

Biomaterials such as fibrin15 and de-cellularised muscle matrix16 without 

cells have been reported to improve perfusion in pre-clinical models of CLI. 

The use of therapeutic cells within a biomaterial has not only shown to 

improve cell engraftment, but also improvement in capillary density and 

oxygen saturation17,18. Although it is important to note that hindlimb 

ischemia induced in animal models are acute and not chronic in nature. 

Such being the case, there is a warranted need for models that can mimic the 

disease pathology in terms of poor and delayed reperfusion and show 

clinical signs of necrosis. It is largely acknowledged that transplantation of 

cells within a biomaterial is beneficial in wound repair and healing. From a 

tissue engineering point-of-view the aim of cell delivery platform is to 

mimic 3D tissue-like physicochemical and mechanical environment to 

promote enhanced cell survival, proliferation and modulation of cell 

behaviour for an optimal therapeutic effect. For this reason, there is a need 

to understand and define cell-material interactions and tissue-specific 

response in promoting vascularisation and wound healing in ischemic 

disease conditions.     

 

1.3 The Extracellular Niche 

Cells in tissues are enmeshed in a network of functional extracellular matrix 

(ECM), that evolve due to time-dependent transitions or changes in 

biochemical or physiological processes. Conventional two-dimensional 

(2D) culture of stem cells over several passages influence cell phenotype 
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and function19. Three-dimensional (3D) culture of adherent cell types on a 

biologically relevant matrix not only promises phenotypic maintenance, but 

also self-assembly of functional tissue-like structures20,21. Although such 

structures do not entirely match multicellular organisation, tissue 

engineering and regenerative medicine approaches strives to replace 

damaged tissues by ‘nesting’ cells in a tissue-specific ECM to trigger a 

reparative response and restore tissue homeostasis22.   

In nature, hierarchical complexity in tissues is achieved by spontaneous 

self-assembly of macromolecules, whose unique composition dictates the 

blueprint of scaffolding for the ultimate complex functional structure. 

Remarkable strides have been made by bioengineers in fabricating 

materials, which ‘cosmetically’ resemble topographies, porosities, 

mechanics and surface chemistries of tissue precursors23,24. Regardless of 

the structural and mechanical mimickry, the designed materials still remain 

limited with respect to cell mediated proteolytic remodeling, exchange of 

small molecules across the ECM components, integrin-mediated adhesions 

and associated ligand specific functions as depicted in Figure 1.1. On the 

other hand, non-adherent transformed cell types perceived as ‘cell-factories’ 

have benefitted from advances in material science, enabling transplantation 

of cells as an immune-isolated ectopic organ25. In this case, design 

parameters and the effect of entrapped cells have been considered mutually 

exclusive to each other- although they are functionally intertwined.  

The spurring interest in recapitulating extracellular matrices in simplified 

forms has generated a paradigm shift to engineer multifunctional cell-

instructive niches that can regenerate living tissues without transient 

administration of cell factories. Immobilisation of cells within a 3D tissue-

like matrix allows non-polar interactions, due to the steric hindrance from 

the surrounding matrix26. Such an environment also allows freedom of self-

assembly of ECMs, which are influenced by the predominant 

macromolecules in the vicinity. In order to devise an optimal functional 

microenvironment, it is essential to define how simple is complex enough to 

trigger a reparative response. Our understanding of this extracellular niche 

has led to the development of biomimicking strategies to recapitulate a  
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passive or interactive extracellular environment where cells can be 

immobilised. In this chapter, the concept of cell immobilisation, empirical 

design strategies for cell entrapment, current technologies for cell 

immobilisation and biomaterials for immobilisation are discussed. In 

particular, efforts at making customised cellular microenvironments that are 

more bio-instructive and –responsive in restoring functional integration with 

the host tissue. 

 

1.4 Cell Immobilisation: Focus on Hydrogels 

Cells readily shape and remodel their extracellular environment by 

enzymatically degrading and re-synthesising the ECM. In tissues, ECM not 

only acts as an immobilisation platform for higher order of self-assembly, 

but also facilitates the relay of biochemical and mechanical cues in a 

buffered and hydrated environment. Classical tissue engineering approach, 

aims to engineer artificial 3D environments to direct stem cells to achieve a 

desired function, which can be implanted into the host27. ECMs extracted 

from tissues can be reconstituted with resident cell population with 

equitable fidelity. However, batch-to-batch variability and ambiguous 

qualification standards with regard to the composition and contaminants 

pose as pertinent issues. A bottom-up assembly of ECM components 

therefore has gained higher impetus with a view to translate the ECM 

language, letter-by-letter with the use of ECM mimetics, gaining better 

understanding of the tunability that can be achieved with precise patterning 

of biochemical cues, which would predictably model cell driven ECM 

organisation. Thus, a plethora of natural and artificial ECM mimetics have 

been developed for immobilising cells.  

Cell immobilisation can be categorised in two functional classes, one where 

xenogenic or genetically modified cells are entrapped to serve as ‘cell-

factories’ for therapeutic factor release. Second, where allogeneic or 

autologous cells are entrapped within a material for manipulation of cell 

behaviour to promote a specific phenotype. Cell immobilization technology 

was predominantly developed as an immunoisolation technique, to protect 

the beneficial cells from the body’s natural defence mechanisms. It was first 
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demonstrated in 1933 that encapsulation of tumour cells within a 

nitrocellulose membrane maintained cell viability and the transplanted cells 

evaded the immune system in a guinea pig model28. Over four decades later 

in 1980, Lim and Sun adopted this technology, using endocrine porcine 

islets that were encapsulated within alginate-poly-L-lysine-alginate (APA). 

Encapsulation platforms designed for a wide range of cell types have been 

developed for therapeutic applications in recent years. Based on the final 

form of immobilisation platforms, they are broadly classified under “macro” 

or “micro” systems, wherein the prefix ‘micro’ or ‘macro’ refers to the scale 

length or size of the immobilisation platform. A group of cells entrapped in 

smaller structures forming microentrapment modules, and a group of cells 

entrapped in larger structures forming macroentrapment modules29,30. 

Hydrophilic polymers or ‘hydrogels’ have been a favoured choice of 

materials for cell immobilisation in tissue engineering applications due to its 

ability to mimic the architecture and mechanics of pliable cellular 

microenvironment31,32. Tissue-like fluidity, facile transport of soluble 

nutrients, ease of fabrication and integration with biological interfaces are 

some of the main advantages of a hydrogel system. In recent years, different 

classes of hydrogels have been fabricated from natural and synthetic 

polymers or amalgamation of both, referred to as semi-synthetic polymers. 

Synthetic polymeric materials allow a higher degree of control over physical 

and mechanical properties over natural polymers. Natural polymers rely on 

spontaneous self-assembly, offering a seemingly familiar molecular 

recognition to the cells33. Semi-synthetic materials on the other hand, 

undergo synergistic arbitrary assembly due to steric interference of the 

synthetic component34. Natural polymers derived from ECM proteins are 

crucial for orientation and structural integrity of cellular microenvironment, 

and provide bio-instructive cues through ligand interactions between cell-

cell and cell-matrix35.  

 

1.5  Concept of Immobilisation 

Cells entrapped within a functional extracellular matrix promote cell 

survival, proliferation and material guided biochemical functions. Based on 
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the spatial distribution of cells and localization within the material, there are 

three main immobilisation strategies: embedding, encapsulation and surface 

seeding as schematically represented in Figure 1.2A. 

In an embedding approach, cells are mixed with a forming hydrogel 

solution, which allows uniform distribution of cells prior to the gelation 

process, thus enabling an injectable mode of delivery. The second approach, 

also referred to as an immunoisolation approach, allows encapsulation of 

the cells within the core of the hydrogel matrix. A semipermeable 

membrane isolates the cells from its environment, which forms a barrier to 

immune response mediators (e.g. antibodies, cytotoxic T cells, 

macrophages), but allows exchange of gases and nutrients. The third 

approach involves seeding of cells post-fabrication of the hydrogel matrix. 

Such systems are generally synthesized under harsh chemical conditions or 

cytotoxic reagents, which excludes cell seeding during the fabrication 

process. However, this technique is widely used for in vitro expansion of 

cells in a 3D environment. Irrespective of the immobilization technique 

used, the material must provide a conducive environment for growth, 

proliferation, migration and some degree of hierarchical self-assembly. 

Hence a rational design of the hydrogel with respect to bulk transport of 

nutrients, porosity, stiffness, chemical composition and promotion of 

dynamic remodeling in a cell permissive environment is crucial36. 3D 

immobilisation platforms recapitulate mechanical and biochemical stimuli 

as present in native tissue. For example, 3D systems allow isotropic 

interactions, resulting in polarisation dictated by the surrounding matrix and 

not dictated by unnatural polarisation along the 2D plane of contact with the 

substrate or plastic in most cases37. Moreover, cell migration in 3D systems 

occur via both localised proteolysis with membrane-bound proteases and 

integrins, and amoeboid migration by deformation of extracellular matrix 

and shape adaptation38. 

 

1.6 Terminology  

In the field of cell immobilisation technology, due to the rapid development 

in new platforms, there is a need for systematic nomenclature to define  
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cell-based systems. As highlighted previously, the form factor of the pre-

formed structures used for cell immobilisation remains elusive under the 

commonly used term “encapsulation”.  

Based on the size of the encapsulation device, cell delivery platforms are 

categorised under ‘micro’ or ‘macro’. Macroencapsulation refers to 

entrapment of cells in larger structures with smaller surface-to-volume ratio, 

such as flat membranes, hollow fibres and cylindrical diffusion chambers. 

Macroencapsulation-based devices developed as intravascular or 

extravascular implants have been used to treat metabolic and 

neurodegenerative disorders. A recent, comprehensive review on 

macroencapsulation devices has been published elsewhere29.  

The term “microencapsulation” generally encompasses structures that have 

a spherical geometry on a micro-scale. These structures are generally made 

of hydrogels, varying from sub-millimetre sizes (0.2-0.5mm) up to ~1.5mm. 

Pre-formed cell laden constructs that are used for various therapeutic 

applications are summarised in Table 1.1. The evolution of terminologies 

over the past five decades referring to the cell laden constructs are 

represented on a time-scale in Figure 1.2B. In most cases, the 

interchangeably used terms such as ‘microbeads’ or ‘microparticles’ do not 

provide any information on the composition or shape of the construct. A 

spherical bead shaped structure with cells suspended in a fluidic bed or 

within its void space, encased by a semi-permeable membrane is a shell-

based capsule, also termed as microsphere-shell (mSS). Alternatively, the 

cells can be enmeshed within a cross-linked polymeric solid core, followed 

by a formation of the outer shell. These are termed as matrix core 

microsphere-shell (MC-mSS). Interpenetrating polymeric matrices that are 

used for homogenous cell embedding, such as agarose, collagen etc. do not 

offer total immunoisolation, and are termed as microsphere-gel (mSG). In 

some cases, an additional coating may be applied to mSG forming an 

external barrier and these are referred as coated/layered microsphere-gel. 

Pre-fabricated cell carriers used for surface seeding for scalable cell 

expansion are termed as microsphere-carriers (mSC). The term ‘reverse 

encapsulation’39 has also been used in this context for chitosan derived 
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microcarriers, wherein cells adhere and proliferate on the external surface of 

the microcarrier. 

 

1.7 Cellular Niche Design Considerations 

1.7.1 Mass Transfer and Bulk Shape  

Stability of a hydrogel is a function of the degree of crosslinking and its 

geometry, which influence transport of nutrients, metabolites and cytokines. 

The shape and size of the hydrogel determines the rate of molecular 

diffusion and the amount of fluid retained within the matrix40. A porous 3D 

matrix can facilitate multidirectional diffusion compared to a unidirectional 

access to soluble molecules on tissue culture plastic.  In a 3D system, the 

shorter the average distances from the core to the outer boundary, the higher 

the diffusion of nutrients and analytes across the hydrogel.	 The size of 

solute that can diffuse through a hydrogel is related to the polymeric mesh 

size formed after formation of crosslinks in a hydrogel. Mass transfer 

limitations of nutrients can affect cellular osmolarity, growth and metabolite 

production in a time-dependent manner.  Structures greater than ~200 

microns in thickness limit diffusion of nutrients and waste from the core 41, 

that leads to a hypoxic gradient along the longest axis of the hydrogel 

structure. The rate of transfer of a diffusing substance per unit area is 

proportional to the substrate concentration gradient, as derived by the 

Fickian law of diffusion (Eq. 1),  

 

 

 

where !	is the rate of mass transfer per unit area, C is the concentration of 

diffusing substance per unit volume, # is the space coordinate and D is the 

coefficient of mass diffusivity. In a 3D system, ! is expressed as a vector 

with flux with flow components in all directions. It is known that diffusivity 

in a hydrogel is always less than or equal to diffusivity measured in 

solution.  Hence the effective diffusivity (Eq. 2), De of a substrate is related 

to its diffusion in solution D given by 
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where $  is the porosity, and % is the tortuosity of the material42. Usually 

transient diffusion in hydrogels is different for different shapes of hydrogel, 

which can be derived using the mass balance equation (Eq. 3)  

 

 

 

where CL is the concentration of solute per unit volume and & CL is void 

fraction available for solute diffusion, De is the diffusion coefficient and n is 

a shape factor for possible geometries43. 

The diffusivity of a material is particularly important to consider for 3D 

systems. In such cases, it is necessary to simulate the permeability and 

diffusion in cell carrier systems are necessary to be simulated, especially 

where there is no mixing in static cell culture conditions, as this eventually 

leads to a necrotic core from poor nutrient diffusion. Diffusion within a 

spherical construct is a function of its radius and high surface area to 

volume ratio. Studies conducted on the rate of oxygen diffusion in 

encapsulated islet cells revealed higher mass transport in microencapsulated 

spheres over planar diffusion assemblies44. This is due to a higher surface 

area to volume ratio of a sphere than a planar membrane. Studies have also 

indicated that maximal lengths of diffusion to avoid hypoxic core formation 

are 128µm, 182µm and 224µm for a slab, cylinder and sphere respectively45. 

Only a limited number of studies have been performed on simulating 

substrate mass transfer in microcapsules. From an engineering perspective, 

mass transfer in cells immobilized on a matrix is described by a 

mathematical model46 which is a numerical measure of mass transfer, given 

by the effectiveness factor η  (Eq. 4) and is represented as  

 

 

 

where Da (Damköhler number) is a ratio of rate of reaction to rate of mass 

transport, R is the global reaction rate, kL is the mass transfer coefficient, 'm 

is surface area to volume ratio of the matrix and CB is the substrate 

concentration in the bulk liquid. 
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Limitations in efficient diffusion can also be observed by the distribution of 

cells. Cells tend to migrate and grow on the periphery or boundary of the 

system in order to meet their oxygen and nutrient demands. For tissue 

regeneration strategies, higher porosities allow cell invasion and 

vascularisation in vivo. Porosities can be manipulated either by crosslinking 

the gel or increasing the concentration of the pre-polymer.  Studies have 

highlighted the importance of varied porosities in hydrogel platforms. 

Intriguingly, porosity demands are cell type specific ranging from 5-

350µm47. From the physical characteristics point-of-view, it has been 

demonstrated that size and surface properties of a cell delivery platform can 

also influence inflammatory responses48. Smaller microcapsules result in 

reduced immune reaction compared to macrocapsules, which may undergo 

distortion after implantation.  

For an in vivo application it is essential that cell carrier systems exclude 

high molecular weight compounds such as immunoglobulins and harmful 

immune cells. For adequate immunoisolation properties, the encapsulation 

molecular weight cut-off must be in the range of 50,000 to 100,000 daltons 

to exclude immune antibodies, complex macromolecules and whole cells49.	
Microcapsules exhibit low interfacial tension with surrounding tissues, 

which minimizes protein adsorption and cell adhesion. Protein adsorption 

and cell adhesion is prevented by non-specific repulsion, resulting from 

entropic and mixing interactions between polymeric chains and the 

surrounding tissue50. Additionally softer, pliable features of spherical 

hydrogel reduce mechanical resistance or irritations due to friction at the site 

of implantation51 . 

 

1.7.2 Stiffness 

Matrix stiffness and its mechanics are known to influence cell migration, 

spreading and cell fate-based on the specific ligand-receptor interactions. 

Stiffness is the property of a material that resists deformation. Several 

mechanotransducers within a cell convert mechanical stimuli into 

biochemical signals that affect cell behaviour. Mechanosensors such as G-

protein receptors, integrins, stretch ion channels convert mechanical cues 
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into intracellular signalling cascades. ECM-derived hydrogels possess 

viscoelastic property, which allow limited reversible conformational change 

upon application of deformational stress. The elasticity of hydrogels can be 

modelled by tensile tests and derived using rubber-elastic theory (Eq. 5) 

represented as 

 
 

 

τ is the stress, ρ is the polymer density, R is the universal gas constant, T is 

the temperature, Mc is the molecular weight between crosslinks in the 

polymer, ' is the elongation ratio and () is the polymer volume fraction. 

Synthetic materials on the other hand, are generally not affected by the rate 

or magnitude of deformation; hence they are defined by a single bulk 

modulus.  In photo-crosslinkable synthetic materials, stiffness is modulated 

by generation of free radicals that initiate photo-polymerisation52. For 

example, modified methacrylated or acrylated hyaluronic acid have been 

used to encapsulate human MSCs, where spatial and temporal changes in 

the mechanical properties have been achieved by restricting light 

exposure53. Increase in material stiffness is usually accompanied by increase 

in focal adhesions and polarisation of stress fibres within the cells. 

Similarly, it has been shown that traction forces in endothelial cells and 

fibroblasts are linearly associated with substrate stiffness54. Cells on stiffer 

matrix spread more isotropically compared to softer matrix55, and when 

subjected to stiffness gradients, cells migrate from softer to stiffer regions56. 

This phenomenon, called durotaxis, has also been observed in activated 

microglia57.  

Tissue-specific adult stem cells such as nucleous pulposus58 of the 

intervertebral disc or skeletal muscle satellite cells59, are challenging to 

expand on stiff tissue culture plastic due to their sensitivity to stiff 2D 

environments. Cell-cell communication and assembly are also influenced by 

matrix stiffness, where cells form associations through the strain caused by 

traction stresses and weak substrate adhesions60. Endothelial cells form 

robust cell networks on softer compliant hydrogels due to sufficient ligand 
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availability, weaker substrate adhesions and non-impedance in migration 

dependent cell-cell network formation61. However, it must be noted that 

characterisation of 3D matrix stiffness involves measurement of ‘bulk’ 

stiffness rather than individual fibre stiffness. Individual fibres within a 

hydrogel can be of multiple orders of magnitude greater in stiffness 

comparison to a macroscopic hydrogel62.  

Studies carried out to identify cell responses to stiffness, stem from the need 

to mimic extracellular 3D environment of cells in different tissue 

environments, such as brain (~0.2-0.5kPa), liver (~0.65kPa), muscle  

(~10kPa) and pre-calcified bone (~80kPa). In vivo crosslinking of proteins 

occur in time-dependent manner through regulated and non-regulated 

mechanisms. For example, enzymatic crosslinking of collagen by lysyl 

oxidase is critical in developmental processes and wound healing. Non-

enzymatic crosslinking mediators through glycation and transglutamination 

occurs over longer periods of time, which also result in several disease 

pathologies as a result of uncontrolled ECM homeostasis63. Hence, 

investigation of mechanical effects of ECM on cell behaviour needs to be 

studied in a more meaningful way, not only to stimulate desired cell 

function, but also to restore mechanical homeostasis in tissues. 

 

1.8 Moving from 3D Cell Entrapment Devices to Cell Modulation 

Platforms 

1.8.1 ECM-based Platforms 

ECM is composed of a complex array of macromolecules that are 

contributed by various resident and mobilised cell types. These 

macromolecules dictate biophysical signalling via mechanical forces 

generated by catalytic ECM remodeling, and biochemical signalling as a 

result of soluble factors tethered and stored within the matrix or secreted by 

other cell types. Because of this intricate exchange of signals between the 

cytoskeleton and ECM via cell surface receptors and consequent self-

assembly of macromolecules dictate cell-limited function such as fate 

determination. In tissues, combinations of signals are needed by stem cell 

niches to control phenotypic maintenance and self-renewal. Tissue 
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engineering has taken a simplified approach in recreating cellular 

microenvironments, by creating a relatively bio-inert platform for cells to 

secrete their own extracellular matrix.  

A more fundamental developmental approach is utilising a wide-range of 

naturally derived macromolecules such as collagen, fibronectin, elastin, 

laminin and glycosaminoglycans (GAGs) among others to emulate a native 

ECM niche. The central idea behind this approach is not to reconstitute the 

ECM complexity identical to that present in tissues, but entrap cells in a 

cell-instructive (provisional) “ground material” that can help cells organise 

and orient cytoskeleton, influencing the orientation of matrix deposited 

outside. For example, in hyaline cartilage tissue, chondroblasts reside in a 

capsular space or ‘lacunae’ in which deposition of collagen type II and 

proteoglycans trigger chondrocytic differentiation. In other cartilaginous 

tissues like the intervertebral disc, in addition to secretion of cartilage 

specific matrix, chondrocytes also receive phenotypic guidance by arranging 

themselves between the grooves of aligned collagen type-I bundles. 

Collagen type-I is one of the widely used extracellular matrix in tissue 

engineering due to its abundance in most tissues in the body.	 Collagen type-

I allows embryonic stem cell renewal and maintenance is shown to be 

mediated via α2β1 integrin and discoidin domain receptor 1(DDR1), by 

increasing the expression of nuclear Bmi-1 protein. Abolishment of Bmi-1 

impairs the proliferation capacity and maintenance of an undifferentiated 

state64. Embedding human mesenchymal stem cells (MSC) in a 3D collagen 

type-I platform has shown to maintain their stem cell phenotype65,66. 

However further investigation into the collagen type, modulation of 

concentration and cell density have revealed that they can influence gene 

expression and the paracrine secretome, in some cases directing the cells 

into a pro-angiogenic (Chapter 2) or chondrogenic phenotype67,68.  In a 

similar example, a macromolecular concentration of 2mg/ml collagen 

hydrogels that was used as support graft for embryonic cell-derived 

endothelial cells, induced vascular structures for up to two weeks in 

culture69. The observed effect is due to the coordinated expression of MMP-

2 and MT1-MMP secreted by the cells, as previously reported70. The overall 
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charge on the self-assembled molecules like collagen can also influence cell 

behaviour. In a recent study, it was demonstrated that differentiation of stem 

cells into chondrocytes was inhibited on positively charged aminated 

collagen, due to binding inhibition of collagen receptors71.  

On the other hand, gelatin, the denatured form of collagen binds different 

soluble cytokines and growth factors based on a shift in its isoelectric 

point72, and allows greater remodelling and matrix deposition than 

collagen73. Compared to collagen, gelatin is highly water-soluble and 

undergoes rapid degradation. In order to control the degradation and allow 

photo-induced cell release, alkyne-azide cycloaddition chemistry has been 

used for crosslinking of primary amine end-functionalised gelatin. Gelatin 

discs formed by this technique, showed rapid degradation under low UV 

exposure of 10mWcm-2 without any adverse effect on embedded cells74. 

Recently, crosslinked gelatin microcryogels have also been utilised for 

embedding adipose derived MSCs to promote higher matrix deposition, 

thereby inducing a pro-angiogenic cell response75.  

GAGs interspersed in the extracellular space aid in hydration of tissues by 

sequestering water molecules. Sulphated GAGs in particular exist as a 

‘signalling router’, rich in growth factor binding domains, released upon 

enzymatic action within the extracellular matrix. For example, hyaluronan 

(HA) synthesized by the hematopoetic stem cells during hematopoiesis play 

an important role in cell distribution and its binding to hyaluronic acid 

binding protein leads to inhibition of proliferation76. In most tissues, HA 

acts as a space-filler that can resist compressive forces applied within 

tissues. Blocking HA binding receptors impede growth in anchorage 

dependant cells77. For cell delivery applications, HA can be chemically 

crosslinked by amidation of the carboxylic groups using EDC/NHS 

chemistry, or methacryl groups in order to form photo-induced crosslinks 

for higher stability. Methacrylated HA has been employed to fabricate 

encapsulated cell structures with lateral dimensions of 50-400µm78. 

Modulation of stiffness in the methacrylated HA hydrogels influence the 

differentiation of neural progenitors into mature neuronal phenotype via 

Rho and Rac pathways79,80. Human embryonic stem cells delivered on thiol 
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modified HA-based hydrogel showed improved cartilage regeneration in a 

critical sized (1.5mm) osteochondral defect in a rat model81. Some of the 

cell-fate determination effects occur due to the change in macromolecular 

concentration, which promote molecular clustering of cellular receptors and 

influence intracellular signalling. Photocrosslinkable, methacrylated HA 

(1mg ml-1) and fibrin (6mg ml-1) have been successfully used for enhancing 

the chondrogenic potential of bone marrow derived MSCs82.  

Fibrin hydrogels have also been widely used for differentiation studies due 

to its tunability in stiffness, achieved via supplementation or higher 

thrombin concentration. Encapsulation of human umbilical MSCs in fibrin 

microbeads promoted myogenic differentiation with formation of multi-

nucleated myotube structures83. In another example, a higher concentration 

of fibrin (50mg ml-1) induced osteoblastic differentiation of MSCs84, likely 

due to the high stiffness of the fibrin matrix85.	 Unlike chemical crosslinking 

approaches used with other ECM molecules, stiffness in fibrin hydrogels 

can be tuned via supplementation of thrombin, a serine protease that 

converts fibrinogen to fibrin under physiological conditions. However, the 

concentration of thrombin is shown to significantly influence cell fate. 

Human umbilical MSCs embedded in fibrin microbeads crosslinked with 

lower thrombin concentration promoted myogenic differentiation with the 

formation of multi-nucleated myotube structures83.  Whereas, the use of five 

times higher thrombin concentration in a fibrin scaffold increased neuronal 

differentiation of embryoid bodies derived from murine pluripotent stem 

cells without conventional retinoic acid induced differentiation86. 

Elastin is one of the important components of the extracellular matrix, and 

is responsible for imparting tissue elasticity and resilience. Soluble forms of 

elastin such as tropoelastin and α-elastin are most commonly used for 

fabrication of cell delivery platform. Electrospun tropoelastin fibres loaded 

with adipose derived MSCs have been used for wound closure and 

enhanced epithelialisation in full thickness wound model87. Alternatively, 

artificial repeats of amino acids occurring in tropoelastin are engineered to 

contain elastin pentapeptide motif VPGXG, where X is any amino acid 

except proline. The polypeptide motifs are called as Elastin-like 
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polypeptides (ELPs). Tissue transglutaminase, an enzyme that crosslinks 

glutamine and lysine residues has been employed to crosslink ELPs to 

create an in situ gelling hydrogel, for delivery of articular chondrocytes88. 

The ELP matrix supported increase in type II collagen and GAG production, 

proving an effective environment to promote chondrogenesis. 

Consequently, the ELP hydrogel was demonstrated to successfully induce 

chondrogenic differentiation of human adipose derived stem cells89 without 

exogenous TGF-β1 and dexamethasone. Neural network analysis identified 

hydrogel crosslink density followed by ELP concentration as the strongest 

predictors of chondrogenesis90.  

Hydrogels fabricated from polypeptides composed of amino acids from silk 

and elastin induced chondrocytic differentiation in human MSCs without 

external inducers91. ELP hydrogels have also been used with neuronal cells 

to promote increased density of neurite outgrowth for neural regeneration92. 

However, one of the major challenges with ELP hydrogel pertains to its 

extended gelation time. Tunability in modifying the amino acid sequence 

has allowed site-specific modification in the elastin pentapeptide by 

incorporation of crosslinkable lysine groups or non-canonical amino acids93, 

reducing the crosslinking time to less than five minutes, with no adverse 

effect on the encapsulated cells94. With the development of recombinant 

human ELPs (rhELP), the risk of potential transmission of pathogens or 

toxins from other species is substantially minimised. In a recent study, 

rhELPs used in combination with collagen resulted in a hydrogel with 

elasticity similar to that of a muscle tissue (14kPa). Encapsulation of 

myoblasts within this platform showed maintenance of myogeneic markers 

in vitro95.  

 

1.8.2 Complex Cell Delivery Platforms 

Extracellular environments are highly complex for each type of stem cell, 

where local and systemic cues control the biochemical and structural 

properties of niches. This complexity is seen as a huge challenge in the field 

of tissue engineering due to the difficulty in delineating overlapping effects 

which arise due to the dynamic composition. Albeit this challenge, several 
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materials in combination have been tested to induce specific cell function. 

Recently, entrapment of myoblast in a combination of HA and gelatin 

casted into a cylindrical hydrogel induced myotube differentiation. In this 

study, it was demonstrated that 58% of cells differentiated into myotubes 

with 30/70 gelatin/HA combination with the gel stiffness of 5.5kPa96. 

Bioactive peptides self-assembled within a hydrogel also exhibit cell 

maturation through ECM-specific interactions. Incorporation of laminin 

derived pentapetide IKVAV in collagen matrix improved proliferation of 

dorsal root ganglion (DRG) neurons97.  

Umbilical cord stem cells embedded within a gelatin-laminin matrix 

enhanced cell survival and promoted oligodendrocyte differentiation in a 

ouabain induced rat neurodegenerative model98.  A combination of collagen, 

fibronectin, laminin has differential abilities in stimulation of embryonic 

stem cell differentiation. High collagen concentration inhibited apoptosis, 

fibronectin induced endothelial differentiation and vascularization and 

laminin promoted differentiation into cardiomyocytes99. Similarly a mix of 

collagen, HA and fibrinogen combined with synovium derived MSCs 

improved healing of an osteochondral defect in vivo by inducing formation 

of neo-cartilage matrix, rich in GAGs and type II collagen100. A composite 

hydrogel composed of HA, heparin and collagen crosslinked with 

poly(ethylene glycol) (PEG) diacrylate enhanced survival of neural 

progenitor cells in an undifferentiated state in a cortical stroke mouse 

model. The study also reported a decrease in Iba1-positive cells, which is 

indicative of active microglia/macrophage infiltration101. Such tailored ECM 

compositions act or influence every cell type in a unique manner.  Although 

the exact mechanisms by which these individual components act is not 

thoroughly understood, it highlights the need for a high-throughput ECM 

microarray platform102 to unveil the cell-matrix interactions that influence 

stem cell regulation in a 3D context. 

Similar to tissue derived ECMs, Matrigel™, a complex heterogeneous 

mixture of extracellular macromolecules and growth factors derived from a 

sarcoma cell line has been used as the underlying material for generation of 

cell organoids. For example, pluripotent stem cells have been differentiated 
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into intestinal organoids103 and hepatocytes104 on matrigel. As a material 

that has been popularly used for 3D cell invasion assays and tumour 

outgrowth studies, its use for cell immobilisation and its relevance to 

healthy stem cell ECM may be questionable. In addition to the challenge in 

defining the variable composition, the lack of an equivalent experimental 

control makes it harder to interpret the functional outcomes. Hence 

engineering stem cell specific ECM modules block-by-block is a viable 

tissue engineering approach instead of devising one complex matrix that fits 

all. Ultimately, the de novo tissue morphogenesis in encoded spatio-

temporally within the extracellular niche. Although several studies have 

used matrigel for cell immobilisation, its clinical applicability may be 

questionable owing to the xenogenic extracellular components, which is not 

only challenging to define, but also are likely to elicit an inflammatory 

response. However, as recently demonstrated105, 3D structures formed by 

endothelial cells immobilised in matrigel beads can be used for high-

throughput screening in pharmaceutical research and drug testing. 

  

1.8.3 Non-ECM Based Cell Delivery Platforms 

1.8.3.1 Polysaccharide-based Systems  

Polysaccharides are artificial support matrices like synthetic polymers and 

require additional functionalisation to allow cellular processes such as 

adhesion, proliferation and differentiation. Biochemically polysaccharides 

such as alginate, agarose, chitosan serve as excellent inert matrices, which 

allow entrapment of cells that readily form 3D clusters and do not undergo 

‘anoikis’ due to the lack of attachment motifs. Alginate, algal derived 

polysaccharide has been widely studied as a cell immobilisation matrix, due 

to its ease in gel formation in presence of divalent cations. Alginate in its 

natural form is non-degradable. However, modifications such as partial 

oxidation and methacrylation does make the hydrogels prone to hydrolysis 

in aqueous conditions106,107. In order to promote cell attachment on alginate 

matrices, functionalisation with cell attachment motifs derived from natural 

macromolecules are incorporated such as RGD, YIGSR and DGEA. 

Alginate microcapsules fall under the category of both microsphere gel 
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(mSG) and microsphere shell (mSS). In many applications an additional 

layer of cationic polyelectrolyte (poly-L-lysine) is applied to improve 

capsule durability. However, this additional coating causes reduction in 

diffusive properties of the capsule and also leads to fibrotic growth, due to 

affinity of activated macrophages to positively charged surfaces108,109. In 

order to achieve better encapsulation and lower surface area, alginate 

capsules have been generated using techniques such as micromolding110, 

droplet generator111, coaxial jetting112 and microfluidics113 with various cell 

types. Porcine neonatal pancreatic clusters encapsulated in alginate 

microcapsules differentiated into insulin producing beta-cells, thereby 

maintaining normal blood glucose in diabetic mice over 20 weeks114.		
Several clinical studies are currently ongoing using alginate for the 

implantation of beta cells in diabetic patients (NCT01379729, 

NCT00940173, NCT00790257). Despite its applicability and ease of use 

there are several concerns of its cytotoxicity. As an antitumor therapy, 

endostatin modified CHO cells encapsulated within APA capsules have 

been demonstrated beneficial in reducing tumour volume in a mouse 

melanoma model115. Another study explored the use of human fetal liver 

stromal cells and rat hepatocytes for liver regeneration in APA capsules 

supplemented with basal fibroblast growth factor (bFGF), in a partial 

hepatectomy mouse model116. Although treatment enhanced the survival 

rate and increase in liver mass post 48 hours, necrotic cluster of cells within 

the capsules and inflammatory cell infiltration was not completely 

prevented. Hence, several efforts have been made to incorporate natural 

ECM molecules during the process of encapsulation to improve cell 

survival, or induce differentiation in a physiologically similar 

environment117. Embryonic stem cell aggregates encapsulated within 

alginate-Poly-L-lysine (PLL) capsules maintained embryonic phenotype and 

prevented cardiomyogenic differentiation118.  

Although alginate-PLL capsules have shown encouraging results, the PLL 

coating on the microcapsules evoke immunogenic and fibrotic responses119. 

Further in the long-term, slow degradation of PLL destabilises the alginate 

matrix. Incorporation of barium instead of calcium for alginate gelation 
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improved the stability of the microcapsules, but did not prevent fibrotic 

reaction and inflammation120. To overcome this immunoreactivity, coating 

alginate capsules with poly(ethylene glycol)-block-poly(L-lysine 

hydrochloride) diblock copolymers (PEG-b-PLL) has been demonstrated to 

reduce host inflammatory responses compared to PLL alone121. A 

chemically modified triazole-thiomorpholine dioxide (TMTD) alginate has 

been recently identified to resist fibrosis whilst maintaining normoglycemia 

in vivo up to 24 weeks122.  

Agarose is another sea algae derived linear polysaccharide that is also used 

for cell immobilisation. Agarose-based cell immobilisation of pancreatic 

islet cells has been tested as allograft and xenograft carriers for reversal of 

diabetes in mice. Islets encapsulated within agarose capsules implanted in 

the peritoneum of diabetic mice maintained normal blood sugar levels to 

~100mg/dl123. It was demonstrated that increase in the percentage of agarose 

to 7% prevented rejection of hamster islets in a diabetic mouse model124. An 

additional coating of polyacrylamide or carboxymethyl cellulose (CMC) 

was shown to be effective in excluding foreign antibodies125,126. For stem 

cell applications agarose has been modified with cell adhesive peptides for 

better cell survival. Neural stem cells were shown to differentiate into all 

three primary cell types: oligodendrocytes, astrocytes and neurons in a 

GRGDS-agarose hydrogel decorated with platelet derived growth factor-

AA127. Agarose encapsulation using a water-in-oil emulsion technique was 

employed to form scalable cellular modules for embryonic stem cell growth 

to maintain its differentiation capacity into hematopoetic progenitor cells128.  

Chitosan is another polysaccharide derived from exoskeleton of crustaceans. 

Chitosan is structurally similar to GAGs and has an overall positive charge. 

Hence chitosan has been used mainly as a carrier for chondrocytes. Similar 

to alginates, chitosan forms a hydrogel in presence of multivalent anions, 

such as tri-poly-phosphate (TPP). However, the use of chitosan as a cell 

immobilisation matrix has been limited due to its poor solubility.	 Chitosan-

based hydrogel laden with VEGF165-releasing lipid microtubules, ESCs 

derived ECs and CD31+ bone marrow cells and was shown to improve cell 

survival and induce angiogenesis in vivo129. Bovine articular chondrocytes 
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embedded within a chitosan-glycerol phosphate gel, delivered in a 

subcutaneous mouse model led to formation of cartilage specific matrix130. 

Chondrocytic cell aggregates on the gel surface with pore size less than 

three microns were seen to deposit cartilage specific matrix.  Chitosan has 

also been used in a multi-modal platform, where adipose derived stem cells 

seeded on chitosan microcarriers were embedded within a collagen 

hydrogel. Cells that migrated from the microcarriers into the gel maintained 

stem cell phenotype131. Mainly, polysaccharide matrices have been 

favourably used as an inert, semipermeable capsule, which is not intended 

to integrate with the host and direct tissue development. 

 

1.8.3.2 Polysaccharide-based Composites  

Polysaccharide matrices have also been used in combination with natural 

ECM macromolecules to orchestrate complex cellular processes such as 

fate-determining functions and enhancement of cell survival. In such 

modular cell-based platform, polysaccharide matrix provide rigidity and 

support, and an ECM matrix mimic to enhance cell survival and drive fate-

determining functions. Development of agarose capsules to a 

physiologically relevant matrix composition, has led to combining type-I 

and type-II collagen to drive MSCs into osteogenic132 and chondrogenic 

phenotype respectively133. Delivery of cardiac stem cells in agarose-

fibronectin matrix has shown higher engraftment and improvement in 

systolic function after myocardial infarction in a mouse model134. Increasing 

natural ECM components such as collagen type-I, fibrin, dextran sulfate and 

reducing agarose composition below 1%, improved survival of MSCs and 

graft retention in rat heart and muscle tissues135.  

Alginates have also been used in combination with HA136 and fibronectin137 

with MSCs to drive osteoblast differentiation and bone formation in vivo. 

3D systems composed of chitosan-collagen beads fabricated using an 

emulsification process, showed higher deposition of calcium and bone 

related matrix under the influence of osteogenic medium138. Composite 

systems also allow compartmentalisation cells in order to improve cellular 

retention over a long period of time. In one such example of multi-modal 
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platform, adipose derived stem cells have been seeded on chitosan 

microcarriers that was embedded in a collagen hydrogel. Cells that migrated 

from the microcarriers into the gel maintained stem cell phenotype131. Such 

multi-modal platforms can be also used to recapitulate tissue-like 

environments with the entrapment of different cell types spatially within a 

bi-phasic matrix sequestering sequential presentation of biochemical cues in 

a temporal fashion.  

 

1.8.3.3 Synthetic Polymers and Derivatives 

Synthetic polymers used as ECM (sECM) mimetics have been an attractive 

source of materials for cell entrapment due to three main reasons; tissue-like 

viscoelasticity, low batch-to-batch variability and facile mechanical 

tunability. sECM fabrication takes a modular approach in mimicking natural 

ECM by recapitulating the tensegrity and spatial distribution of biochemical 

signals. sECMs were initially developed as an implantation device to 

contain therapeutic cells for longer periods of time in a living host. This 

approach does not aim to recapitulate cell-specific matrix but aims to 

provide a cell friendly environment for prolonged survival. This technique 

often involves maintenance of an immunoisolation barrier, which prevents 

adverse immune recognition while maintaining sustained release of 

therapeutic factors from the encapsulated cells. PEG is one of the most 

widely used synthetic material for cell encapsulation due to ease of 

fabrication. PEG is formed by the interaction of water with ethylene oxide 

in presence of acidic or basic catalyst. Chemical modification of these poly-

ethers containing free hydroxyl groups allows easy addition of methacrylate, 

acrylate, carboxyl or thiol groups, that aid in formation of polymeric 

networks when exposed to ultraviolet or visible light. Hence PEG-based 

polymers serve as ‘templates’ or ‘clean slates’ into which selective 

functional groups can be tethered. PEG diacrylate encapsulating porcine 

islets grafted into the peritoneum of diabetic mice, remained viable and 

maintained insulin levels up to four months139. However controlling the 

pore size to allow sufficient nutrient exchange, versus adequate immune 

protection has been one of the major challenges with PEG-based materials, 
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in addition to the harmful free-radicals generated during the polymerization 

process140. On the other hand, modified techniques, which allow chemical 

nucleophilic addition, replace UV-based crosslinking, but introduce toxic 

reagents like triethanolamine (TEA) or N- (2-hydroxyethyl) piperazine-N'-

(2-ethanesulfonicacid) (HEPES)141,142.  

One of the main advantages of using PEG modified with functional groups 

is that it allows incorporation of enzymatic degradation motifs, growth 

factors, cell adhesion islands (e.g. RGD, YIGSR, MMPs) to study cell 

behaviour in an artificial matrix. Fabrication of such sECMs with natural 

ECM analogs expanded the scope of synthetic matrices beyond passive 

cytoprotection, to decipher the cell behaviour depending on the type of 

ligand, concentration and spatial distribution. Incorporation of MMP 

degradable crosslinks in low crosslinked gels promote natural remodeling of 

the gels by cellular proteases and help in deposition of ECM molecules. 

PEG-based hydrogels modified with both MMP sensitive and cell adhesive 

peptide, with an overall stiffness ~4.3kPa induced quiescence in 

encapsulated porcine aortic valve interstitial cells, which otherwise 

spontaneously differentiate into myofibroblasts143.	 Typically tethering a 

growth factor to MMP-liable synthetic matrices allow release of the growth 

factor followed by cell mediated proteolysis, mimicking the dynamic release 

of factors in vivo upon infiltration and degradation of ECM.  Chondrocytes 

and MSCs co-encapsulated in a PEG-based hydrogel modified with a MMP-

degradable linker and TGF-β1 allowed degradation of the gel by MSCs, 

playing a supporting role in the deposition of cartilage-specific ECM by the 

chondrocytes144. In another study, a combination of PEG-RGDS and PEG-

YIGSR, a 67-kDa laminin peptide enhanced endothelial tubule formation in 

vitro and increase blood vessel density in vivo145. PEG-based hydrogels 

have also been used to induce osteogenesis in murine models through 

delivery of bone morphogenetic protein-2 modified cells146,147.  

Poly(vinyl alcohol) (PVA) is a thermoplastic polymeric material that has 

been used as hollow fibre cell encapsulation device for trophic release of 

growth factors or neurotrophic factors in neurodegenerative diseases. 

Encapsulation of PC-12 neuronal cells in a PVA device with a supportive 
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matrix made up of chitosan, enhanced the secretion of catecholamines in the 

striatum of a rodent Parkinson’s model148. In another example, baby hamster 

kidney cells genetically modified to secrete high levels of human nerve 

growth factor were encapsulated within PVA based hollow fibres. The 

device containing the modified cells, when implanted in a primate model of 

Alzheimer’s, showed modest loss in cholinergic neurons and abundant 

neurotrophic factors within the capsules149. In one of the earliest examples, 

a co-polymeric matrix of PVA, poly(1-acrylonitrile) and poly(vinyl 

chloride) (PAN-PVC) was used for macroencapsulation of islets in 

semipermeable hollow fibres. When implanted ex vivo as arteriovenous 

shunts, the device was able to restore normoglycemia150. PVA itself is a 

non-supportive matrix for the cells; also in vivo it leads to protein fouling 

due to its low hydrophilicity, resulting in an inflammatory response. 

Applying an additional coating of poly(ethylene oxide) (PEO) improved 

reduction in protein adsorption151.  

Other hollow-fibre based encapsulation devices made of poly(urethane) 

(PU), poly(ether sulfone) (PES), polypropylene have been tested with many 

cell types such as pancreatic islets152, myoblasts153-155,hepatocytes156, B16 

melanoma cells157 and fibroblasts158. The major disadvantage of these 

materials is the absence of cellular recognition sites and high hydrophobic 

nature that is associated with protein adsorption, making it susceptible to 

inflammatory reactions.  

 

1.9 Technologies for Microstructure Fabrication  

Microstructure forming technologies allow spatial self-assembly within a 

confined environment. One of the major challenges in engineering such 

environments is the diverse size scale of materials that can be combined 

without affecting the final construct size or design parameters. 

Microstructure fabrication technologies are a step forward not only in 

developing cell-encapsulating structures, but also providing a bio-instructive 

template for early commitment towards cell specific function. Figure 1.3 

summarises commonly used fabrication technologies for generating cell-

laden constructs. 
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1.9.1 Microsphere Gel Technologies� 

Microdispensing technique is a top-down approach for cell entrapment. 

Hydrogel forming precursor with cells is extruded from a needle or a tip via 

positive air displacement. Upon reaching a critical mass, the drop is 

displaced into a polymerising solution or a hydrophobic surface168 for the 

retention of a spherical shape. The cell containing droplets are generally of a 

fixed volume. Manual methods of dispensing usually lead to droplet sizes 

over 1mm. However, for smaller working volumes and faster gelation 

chemistries, this technique allows for good reproducibility and distribution 

of cells due to lower standing times. Using this method, several ECM-

derived molecules and other high viscosity materials have been employed to 

fabricate more physiologically relevant microenvironments137,68. The cells 

within these constructs are embedded uniformly and hence referred as 

microsphere gels. Materials that polymerise at certain equilibrium 

temperatures use an emulsion-based technique, where the hydrogel-cell mix 

is dispensed into an immiscible phase such as oil or liquid paraffin. 

Collagen-agarose beads containing MSCs have been generated with this 

technique in an immiscible poly(dimethyl siloxane) (PDMS) medium, 

maintained at 37°C132. Due to less control of droplet-droplet interactions 

within the emulsion medium, the resulting bead sizes are highly 

polydisperse, ranging from several hundred microns to a few millimeters. 

Newer techniques such as micromolding or soft lithography can generate 

cell-laden constructs with the use of a micromold of a fixed geometry. The 

hydrogel precursor with cells are pressed onto a mold, filling the shape of 

the mold, followed by a crosslinking step. Another common approach using 

this technique involves, crosslinking precursor gels with UV exposure 

through a photomask-induced gelation. This technique has been used with 

both synthetic and semi-synthetic polymers in entrapping several cell types 

such as fibroblasts, dorsal root ganglia cells and endothelial cells169.  

Micromolding technique allows fabrication of constructs of different shapes 

and sizes. But to better allow sufficient nutrient and metabolite transfer, the 

distance from the periphery to the core is typically recommended to be 

between 200-300µm. Efforts have been made to fabricate concave replica 
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wells with a diameter of 300µm to ensure nutrient diffusion, thereby 

preventing a necrotic core.  Pancreatic islet spheroids were entrapped within 

a collagen-alginate composite in a concave microwell array, crosslinked via 

slow diffusion of calcium chloride, resulting in an encapsulated ‘cell sheet’. 

In vivo transplantation of the encapsulated spheroids in a diabetic mouse 

model led to the maintenance of glucose level below 200mg/dL for four 

weeks165. A high-throughput microfluidic approach has also been proven 

successful in generating cell-laden microsphere gels. Microfluidics is a 

technique that allows bottom-up fabrication of cell entrapment modules. 

Depending on the final construct shape and size, cell-laden constructs can 

be produced using microfluidic flow-focusing or microfluidic spinning. The 

former generates spherical structures, whereas the later generates cell-

containing microfibers.  In the fluid-focusing technique, a cell suspension 

injected in a polymeric matrix is sheathed with an immiscible carrier as it 

flows through microchannels of different geometries. The stream of liquid 

passing through an intersection breaks into droplets containing cells, under 

controlled flow rates and pressure gradient. There are several advantages of 

using this technique for controlled generation of cell-entrapped constructs. 

Controlled construct size determine consistent cell numbers per construct, 

and enable rapid exchange of nutrients and metabolic products.  

 

1.9.2 Microsphere Shell Technologies 

Liquid jetting is one of the popular methods for generating microsphere 

shells. Extrusion of liquid through a nozzle results in formation of droplets, 

depending on the velocity of the jet and physical interactions near the 

orifice, such as surface tension, friction and gravitational pull. An applied 

field at the orifice pulls the droplets from the nozzle into a hardening 

solution. Jetting technique can produce capsules of 50µm in diameter under 

reproducible conditions. A small pulsing electrical field170 can be applied to 

overcome critical surface tension of the droplet that does not adversely 

affect cell viability171. The cell-laden constructs formed with this technique 

are called as microsphere shells, often used as a non-invasive injectable 

cell delivery device. For example, cells re-suspended in alginate are dripped 
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into a bath containing divalent ions for crosslinking. The resulting spheres 

can be then subsequently coated with layers of polymers with opposite 

charges in order to encapsulate cells embedded in the core alginate matrix.  

Controlling the size and shape is critical to allow shorter diffusion path 

lengths and pericapsular reactions, resulting from protein adsorption and 

fouling on irregular surfaces. To achieve higher rate of droplet formation, 

modifications in the nozzle design has led to significant advances in jetting 

technologies. A vibrating nozzle at the extrusion orifice breaks the laminar 

fluid containing cells rapidly111,172, or by creation of a positive drag force 

using a gas stream, breaking the liquid jets into smaller droplets173. 

Vibration nozzle jet break-up system has been employed to encapsulate 

several cell types, such as porcine islets, chicken hamster ovary cells in 

cellulose sulphate capsules (CellMAC™)174, for constitutive release of 

small molecules such as insulin and erythropoietin respectively.  

One of the major advancement in cell-based therapy using this technology 

has been made in cancer treatment. Immortalised human kidney cells 

producing CYP2B1 were encapsulated to achieve enzymatic bioconversion 

of a pro-drug into lethal anti-tumour agent. The study demonstrated safety 

and efficacy in vivo in a porcine model175, followed by a successful outcome 

in human phase I/II trial on 51 patients with pancreatic carcinoma176. 

Further modification of the encapsulation device has led to the introduction 

of a downstream rotating device with wires or disc177, that ensures cutting 

trailing liquid jets into monodispersed homogenous beads. Contrary to the 

success with encapsulating immortalised cell types, the absence of cell 

adhesive ligands and limited macromolecular diffusive properties (<50kDa), 

these capsules impede growth of primary MSCs178. Although jet-droplet 

technologies are promising for consistent and rapid generation of capsules, 

high viscosity and shear forces can potentially damage cells and reduce 

overall encapsulation efficiency.  

Gelatin microsphere shells were fabricated in a two-step process using a 

microfluidic approach, where cell-entrapped microspheres were 

encapsulated in an additional layer of HRP-catalysed phenol modified 

gelatin. Incubation at 37°C dissolved the inner gelatin matrix, resulting in a 
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liquid core capsule179.  Similar strategies have also been used with alginate 

as a cell entrapment matrix, where embedded calcium carbonate 

nanoparticles act as internal gelation initiators that are slowly released due 

to acidic oil carrier phase180.  

A recent study demonstrated vinyl sulfone functionalized PEG and alginate 

can be used to ‘shrink-wrap’ pancreatic islets with a ‘conformal coating’ 

using microfluidics. Reducing the thickness of the enveloping membrane to 

few tens of microns, aided in better graft survival for up to three months in a 

rodent model181. The use of synthetic polymers for cell entrapment with this 

technique often requires a gelation step via UV photo-irradiation or redox 

polymerisation. However, due to free radical formation or longer 

polymerisation times cellular viability is compromised.  

 

1.9.3 Microsphere Carrier Technology  

Pre-formed spherical microstructures with high surface-to-area volume ratio 

and cell adhesive properties, used for cell seeding purposes are termed as 

microsphere carriers. Microsphere carriers are mainly fabricated using four 

main techniques, water-in-oil emulsion crosslinking, anti-phase suspension, 

spray-drying and liquid extrusion. Water-in-oil emulsion technique involves 

mechanical agitation of a mixture of polymer solution in a suitable organic 

solvent with a surfactant such as Span®80. These carriers are stabilised by 

ionotropic gelation using sodium hydroxide or sodium chloride.  

Chemical crosslinker such as gluteraldehyde has also been used, although 

its neutralisation by reducing agents such as sodium borohydride is required 

to alleviate cellular toxicity. Microspheres produced by this technique have 

a mean size of 132-150µm182. Large mammalian cells do not penetrate these 

constructs due to small pore size, instead colonise on the surface and 

eventually migrate after over proliferation. Gelatin microspheres seeded 

with MSCs implanted in a subcutaneous rodent model, regenerated skin 

tissue and restored sweat gland like structures183. Using a similar technique, 

amniotic stem cells loaded on poly(lactic-co-glycolic acid) (PLGA) spheres 

<300 µm, when delivered intramyocardially, showed significant 
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improvement in heart systolic function after myocardial infarction in a rat 

model159.  

Anti-phase extraction method also involves the emulsion process, where 

microspheres formed are frozen in liquid nitrogen, and then crosslinked in a 

mixture of pre-cooled ethanol and sodium hydroxide184. This technique has 

been used to produce microsphere carriers at a large scale. The average 

internal pore size of the microspheres generated is between 10-20µm185,164. 

Microcarriers with pore size higher than 50µm support growth and enhance 

matrix deposition by chondrocytes, than those below 50µm186. Spray-drying 

technique allows good control over the microcarriers and porosity. In this 

technique the polymeric solution is electro-sprayed into a collection flask 

with liquid nitrogen. The frozen microcarriers are then sieved and 

lyophilized187. Porous chitosan microcarriers produced by this technique 

were non-cytotoxic and successfully used for hepatocyte culture188.  

Extrusion is a conventional technique in generating microspheres, where the 

polymeric solution is extruded drop-wise into sodium hydroxide, sodium 

sulphate or sodium citrate for crosslinking189. The resulting porous 

microspheres allow adhesion and proliferation of the cells. Porosity of the 

microspheres can be tuned and loaded with growth factors during the 

fabrication process to allow slow release and enhance tissue ingrowth190. 

Microcarriers have also been fabricated from decellularised dermal and 

adipose tissue matrix. Human fibroblast seeded dermal source microcarriers 

stimulated thick layer of tissue growth under subcutaneous muscle at three 

weeks191. 

 

1.9.4 Multidimensional Construct Fabrication 

Multiscale cell assembly approaches from microscale to macroscale promise 

to generate complex tissues block-by-block. ‘Bioprinting’ is a state-of-the-

art prototyping technology that has the potential to recreate a cellular 

microenvironment with hierarchical cell-matrix assemblies. For example, 

decellularised natural extracellular matrices of a specific tissue can be 

processed as ‘bioinks’ and generate cell-laden 3D micro- and macrotissues. 

This technique can also be applied to ECMs derived from xenogenic 
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sources. However, the only major concern with using xenogenic tissue is to 

ensure ~99% reduction in foreign DNA during the decellularisation process.  

Once the cells and the ECM matrices are prepared, they are filled into 

syringe holders of a robotic multi-head tissue/organ building system 

(MtoBS). The cell-matrix suspensions are then dispensed in an ordered 

pattern or casted over a synthetic support framework, such as 

polycaprolactone. A recent study has successfully demonstrated that 

bioprinted scaffold from decellularised heart, cartilage and fat can increase 

commitment of stem cells towards mature myoblasts, chondrocytes and 

adipocytes respectively192.  

A new microfluidic spinning technology allows generation of microfibers 

that can be easily manipulated and handled in comparison to microbeads. 

The diameter or thickness of the fibres can be tuned according to the flow 

rate. The thickness of the fibre influences the pore sizes within the fibres, 

which mediate efficient nutrient and metabolite diffusion. Co-axial 

extrusion of fibres using this technology has been successfully used to 

entrap liver cells193 endothelial cells and neuronal cells with functional 

signal transduction167. Pancreatic islets loaded microfibers made of 

collagen-alginate166, and a core-shell fibers generated using double coaxial 

extrusion of alginate-agarose hydrogel167 demonstrated maintenance of 

blood glucose in vivo, with adequate immunoprotection of the transplanted 

cells from the host immune system. Technologies that help create 

microenvironments by spatial printing of matrix and cells, eventually 

undergo spontaneous remodeling and maturation as result of cell-cell and 

cell-matrix interactions. To mediate self-organisation in a ‘bottom-up’ 

approach, unit cell structures can be brought together in defined geometries, 

which over time fuse into seamless tissue organoids. Following this 

principle, heterogeneous 3D tissues were fabricated using a modular 

approach. HepG2 and fibroblast cells co-cultured within collagen beads, 

matured within a 3D mold, giving rise to a complex tissue-like architecture 

with three-fold higher albumin secretion194. Similarly, individual collagen 

spheroids containing smooth muscle cells and endothelial cells underwent 

uniluminal fusion mimicking multilayer blood vessel organization. The 
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inner endothelium expressed PECAM-1 surrounded by α-SMA expressing 

smooth muscle layer195. 

 

1.10 Stimuli Responsive and Functionalised Cell Delivery Platforms 

1.10.1 Stimuli Responsive Platforms with ECM Analogs  

Stimuli responsive cell delivery platforms are fabricated using a ‘self-

assembly approach’. Self-assembly of synthetic or natural subunits is 

governed by short-distance interactions ranging from unit angstrom forces 

such as covalent or hydrogen bonds to nanometer range forces, such as ionic 

or electrostatic forces. These dynamic, spontaneous interactions are 

influenced by extrinsic conditions, such as pH, temperature and light, which 

are exploited in the development of stimuli responsive cell carriers (Table 

1.2). Most biological processes are initiated by self-assembly reactions in 

the body, for example, assembly of amino acids to peptides to specific 

secondary, tertiary and quaternary structures that give rise to structural and 

functional proteins.  From the materials point-of-view, this naturally 

occurring phenomenon can be recapitulated artificially by incorporating 

functional peptide sequences. Stimuli responsiveness can be exploited in 

form of random or directed assembly of polymeric networks to direct cell 

function or via the release of cells upon induction of proteolytic 

degradation. Collagenase and elastase sensitivity has been achieved by 

grafting peptide sequences on PEG, enhancing proteolytic remodeling and 

deposition of extracellular matrix by smooth muscle cells196.  Stimuli 

responsiveness can also be incorporated into self-assembling hydrogels, 

where degradation is triggered in presence of an enzyme or a reactive 

catalyst. A peptide linker C-VPLSLYSG-C sensitive to MMP-2 and MMP-9 

incorporated within a PEG hydrogel underwent rapid degradation upon 

exposure to exogenous MMPs. However in vivo, fibrous capsule formation 

and foreign body response by macrophages is unavoidable161.  

In vivo, one of the early mediators of inflammation are reactive oxygen 

species. In order to tackle superoxide-mediated cell damage, encapsulation 

strategy using a polymerisable manganese metalloporphyrin, a superoxide 

dismutase (SOD) mimetic was engineered on a PEG hydrogel. The hydrogel  
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protected the encapsulated cells from oxidative damage by successfully 

neutralising reactive oxygen species197. A semi-synthetic hydrogel was 

made sensitive to changes in pH by tuning the concentration of PVA and 

heparin. Heparin, a naturally occurring sulphated polysaccharide has high 

affinity to bind growth factors. A basic shift in the pH induced rapid 

degradation of the hydrogel, and acidic pH prolonged the degradation in 

vitro for up to six months198. Temperature sensitive property of gelatin has 

been exploited for degradation mediated cell release in a matrix composed 

of gelatin, agarose and fibrinogen. Destabilisation of gelatin at 37°C 

triggered partial decomposition of the matrix, achieving controlled release 

of therapeutic cells at physiological temperature199.  

Synthetic and natural materials have been widely used for delivery of 

growth factors via diffusion or proteolytic degradation. Tunability in 

mechanical and degradation properties in synthetic hydrogels is achieved by 

photopolymerisation technique with incorporation of light sensitive linkers. 

Valvular interstitial cells embedded on a stiff PEG-based hydrogel, reversed 

from a myofibroblastic phenotype after UV-based degradation of the 

photoliable linker, causing softening of the hydrogel200. In a similar 

technique, light sensitive HA was used to stiffen the gel at different times. 

Early stiffening led to osteoblastic differentiation of MSCs, whereas late 

stiffening promoted adipogenesis201. A recent study demonstrated, ‘on-

demand’ presentation of adhesion ligand RGD on a synthetic, light-sensitive 

hydrogel modulates inflammation and vascularisation in vivo. Hydrogels 

with sequestered adhesion sites were implanted subcutaneously in mice and 

exposed to UV light at various intervals. Hydrogels exposed to UV for 

presentation of adhesion sites at day 7 and 14 resulted in 50% thinner 

fibrous capsules than controls. Similarly, gels containing both RGD and 

VEGF when triggered by UV at day 0 and 7, resulted in functional 

vasculature by day 14202. Systems that respond to ultrasound stimulus have 

also been developed. Osteoblasts seeded on methacrylamide- modified 

gelatin cryogels when exposed to ultrasound stimulus enhanced deposition 

of bone specific matrix203.  A stimulus can also trigger assembly or dis-

assembly of cell carrier platforms. Simultaneous encapsulation of 
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chondrocytes and magnetic alignment of HA enriched collagen, formed 

aligned collagen fibrils in a HA enriched collagen hydrogel204. 

Magnetoceptive hydrogels have also been fabricated by incorporation of 

magnetic radicals205 or nanoparticles206. This unique approach has led to a 

controlled self-assembly of microtissues in a 3D ‘tetris’ like conformation 

under magnetic actuation. However a critical dose must be evaluated, as 

higher concentrations of these magnetic additives can compromise cell 

survival. In a similar approach, acoustic frequencies have also been used for 

layer-by-layer assembly of cell-laden constructs207. Cell delivery platforms 

can also be made ‘switchable’ in different states with an external on-demand 

stimulus. A composite hydrogel composed of collagen and alginate was 

made ‘switchable’ to collagen only hydrogel, after the dissolution of 

alginate mediated by the chelation of Ca2+ ions. The temporal switching of 

hydrogels promoted cardiomyocyte differentiation of pluripotent stem cells 

under transgenic or non-transgenic induction conditions208.  

 

1.11 Immunology of Cell Entrapment: Encapsulation versus                                               

Embedment  

Immunoprotection and immunomodulation are two important aspects that 

are critical in designing materials for cell delivery in an immunocompetent 

living host. Tuning the physical properties of the immunoprotective barrier 

or membrane can eliminate infiltration of immune cells or high molecular 

weight immunoglobulins. Material properties can be exploited to modulate 

host cell responses or suppress immune activators that recruit immune cell 

types via antigen presentation. Several strategies that are employed to 

achieve optimal immune response are schematically depicted in Figure 1.4. 

Altogether the idea is to tailor cell delivery materials to evade immune 

responses via direct or indirect signalling, thereby promoting a reparative 

response with restoration of function.  

 

1.11.1 Immunoprotective Cell Carrier Systems 

Immunoprotection is a vital component of cell-based therapies involving 

allogenic or xenogenic cell sources. The consequence of allogenic or  
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xenogenic cell transplantation in an immunocompetent host results in graft 

rejection and toxicity. Lim and Sun in 1980 tested the immunoisolation 

technique, where rat islets encapsulated in a liquid alginate core capsules 

survived up to three weeks in vivo. The principle of immunoisolation is to 

create a semi-permeable barrier to restrict reactive host immune cells or 

mediators but allow nutrient diffusion for encapsulated cells. An 

immunoreactive response is dependent on the chemical and physical 

properties of the encapsulating material, bulk size of the construct and 

antigen shedding from encapsulated cells.   

It was shown that alginates containing higher glucuronic units were more 

immunoreactive than, alginates with higher mannuronic content209. 

Immunoreactivity is often initiated as a pericapsular response following 

adsorption of proteins, immunoglobulins, complement and growth factors. 

Pericapsular growth promoted by IL-1β and TNFα210 leads to a fibrotic 

layer formation, which impedes nutrient diffusion to encapsulated cells. 

Surface topographies of the cell carrier platform also play an important role 

in fibrotic layer formation. Rough surfaces, sharp features or corners attract 

more acute inflammatory reactions than smooth surfaces. A recent study 

performed in rodents and primates concluded that spherical constructs of 

1.5mm and above suppress foreign body reaction for longer periods211.  

Metabolic requirements are varied for different cell types; hence molecular 

weight cut-off (MWCO) of the isolating membrane must be tailored to 

ensure diffusion of essential nutrients. It has been demonstrated that 

MWCO up to ~150 kDa (size of the smallest antibody IgG) is correlated 

with reduced fibrotic reaction and graft rejection212. However, this can also 

drastically reduce diffusion of high molecular weight nutrients. Clinical 

studies with encapsulated islets in alginate capsules have been rendered safe 

but with minor clinical efficacy213. This is due to nutrient limitation and 

danger-associated molecular pattern (DAMP) molecules that may be 

involved triggering innate responses and graft failure214. Although 

complement and small molecules get rapidly inactivated, it should therefore 

be sufficient to modulate selective diffusion of molecules like IgG in the 

early days after transplantation215. The molecular weight cut-off of macro 
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encapsulation devices would be ideally three times lower than the molecular 

weight of an IgG antibody.  

A macroencapsulation device made of poly(urethane)-poly(vinyl 

pyrrolidone) (PU-PVP) encapsulating rat islets embedded within a gelatin 

matrix was effective in maintaining normoglycemia in vivo up to 90 days160. 

Currently, several macroencapsulation devices are being tested as artificial 

pancreas for type-I diabetes. ViaCyte’s islet encapsulation device Encaptra® 

is made of polymeric semipermeable membrane, which encases embryonic 

stem cell-derived progenitor beta cells. The total device surface area is 

similar to that of a ‘business card’, with an encapsulation capacity of 

100,000 islets. However, it is envisaged that at least six devices will be 

required to achieve insulin independence in a human patient29.  Precise 

implantation location of these devices and ease of retrieval as a safety 

measure, are some of the advantages of these devices. Hydrogels on the 

other hand are engineered to integrate with the host tissue or degrade over 

time. Degradation is also dependent on crosslinking and permeability of the 

hydrogel. Hydrogels can be made impermeable to biological molecules with 

higher concentration and molecular weight of gel forming precursors. In a 

systematic study, it was demonstrated that PEG based hydrogels can be 

selectively made permeable to proteins. 2000-8000 Mw PEG was found to 

be impermeable to proteins equal or larger than 22kDa. Hydrogels made of 

20000 Mw PEG were impermeable to proteins equal or larger than 

45kDa216. Multilayer coating of hydrogel have been demonstrated to be 

effective in immunoisolation of islets without compromising the insulin 

release function to glucose response217. 

 

1.11.2 Immunomodulatory Cell Carrier Systems 

Immunomodulation in cell-based therapies can be achieved by virtue of the 

cell entrapment material, co-entrapment of immunomodulatory additives or 

use of immunoprivileged cell types. The use of immunomodulatory 

strategies with materials are summarised in Table 1.3. Islet cells embedded 

within negatively charged polystyrene sulfonic acid neutralised positively 

charged activators of the classical complement pathway, inactivating the 
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humoral antibody response from the host218. Overall charge and roughness 

of the encapsulation material determines the pericapsular growth or a 

fibrotic response.  

A bi-functional membrane capsule fabricated by layer-by-layer assembly of 

alginate-chitosan-alginate was demonstrated to exhibit low surface 

roughness of 60 ± 29 nm due to strong ionic interactions between the layers. 

Lower roughness and an overall negative charge of the capsules, reduced 

infiltration of inflammatory cells in vivo219.  In a cell coating strategy, 

endothelial cells cultured as a coating over islet cells evaded complement 

and monocytic attack with CD31 marker was observed on the endothelial 

cell layer. Coverage of the islets with recipient endothelial cells can 

potentially enhance vascularisation and reduce host reactions220. In an 

immunosuppressive strategy, a multi-modal 3D cell encapsulation platform 

was combined with immunosuppressive drug dexamethasone. The system 

consisted of erythropoetin expressing myoblasts in alginate microcapsules, 

and PLGA microspheres containing dexamethasone in an alginate hydrogel 

scaffold. The modified myoblasts increased the haematocrit levels, and slow 

release dexamethasone reduced pericapsular growth on the constructs in 

vivo up to two months163.  

Similarly, incorporation of a non-steroidal anti-inflammatory drug, 

ketoprofen can also be used as an alternative to improve graft survival.  It is 

known that early oxidative stress and reactive free radicals often result in 

significant toxicity after cell implantation. In one of the earliest examples, 

co-encapsulation of rat islets with autologous erythrocytes in alginate beads, 

offered protection against nitric oxide secreted by activated macrophages221. 

Interleukin-10 modified CHO cells encapsulated within hydroxyethyl 

methacrylate-methyl methacrylate (HEMA-MMA)-agarose was developed 

as a cell-mediated immunomodulatory device that allowed detectable 

expression of interleukin up to 21 days162. Several supplementation 

strategies have been developed with enzymes such as superoxide dismutase 

and catalase that scavenge reactive free radicals222.  Instead of using 

different enzymes for quenching specific reactive molecules, broad range 

free radical protection can be achieved with metal oxides.  
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For example, cerium metal oxide nanoparticles are able to quench hydroxyl, 

superoxide, peroxide and nitric oxide free radicals. Recent in vitro studies 

have shown that cerium oxide nanoparticles at 10mM concentration offer 

continuous protection to islet cells in alginate capsule against free radical 

insult223.  

Reduction or modulation of late adaptive immune reactions determines 

long-term stability of cell-based carriers. Islet cells encapsulated within a 

PEG hydrogel was fabricated with an additional polymeric coating using a 

glucose oxidase initiated dip-coating method224. The coating decorated with 

anti-Fas antibody and a cell adhesion molecule, ICAM-1, triggered T cell 

apoptosis upon engagement of the Fas receptor225. Conjugation of pro-

inflammatory cytokine neutralising peptides or antibodies, such as against 

IL-1141 , TNFα 226,227, and MCP-1228 modulate deleterious pro-inflammatory 

responses against encapsulated cells.   

Natural ECM molecule HA, was demonstrated to modulate reactive 

macrophage phenotype M1, and promote a reparative M2 phenotype, due to 

presence of highly sulfated groups on HA229. Dendritic cells (DCs) unlike 

macrophages interface with adaptive immune system. DCs play a crucial 

role in immunological tolerance through direct or indirect control of 

regulatory T cells. Controlling release of immunomodulatory molecules via 

cell entrapment matrices enhance long-term antigen-specific tolerance. 

Molecules such as anti-CD4230, leukemia inhibitory factor231, IL-2232, IL-10, 

TGF-β233 conjugated or delivered in microparticles modulate tolerogenic 

actions of DCs and transmit their suppressive signals to T-cells. Use of 

antibodies against immunoreactive receptors on macrophages and activated 

T cells  (viz PD-1/PD-L1) or co-encapsulation of immunomodulatory cells 

such as mesenchymal234 or hematopoietic stem cells235 can be used as an 

alternative strategy to improve graft survival and promote tissue 

regeneration in vivo. Immunomodulation can impede indirect immune 

activation; following antigen shedding that cannot be mitigated with an 

immunoisolation approach. 
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1.12 Fate Determining Cell Interactions 

1.12.1 Identifying Niche Functions to Create Cell Specific Matrices 

Hydrogel composition for immobilization and cell survival have been 

developed from a generic cell-permissive point-of-view than that of a cell-

selective one. Selected examples discussed here highlight the role of ECM 

and cell-cell interactions that dictate specific function. Epidermal stem cells 

responsible for skin regeneration, deposit ECM protein nephronectin to 

home MSCs, that subsequently differentiate into smooth muscle cells236. In 

diseases, where production of structural ECM components of the basement 

membrane is impaired, gene vector modified cells delivered on a suitable 

matrix aid in synthesis of the ECM protein and form natural networks or 

association in vivo. For example in junctional epidermolysis bullosa (EB), a 

rare genetic disease, causes production of defective collagen VII and 

laminin V. Delivery of vector-modified fibroblasts237 from the patients 

delivered on a type IV collagen or fibronectin rich matrix allows remodeling 

of the skin via natural deposition and formation of ECM networks.  

Muscle stem cells, also known as satellite cells, under activated state encode 

for ECM proteins such as fibronectin, versican, glypicans, which induce 

expansion of these cells238. Conversely, quiescent satellite cells express 

collagen VI that is required for self-renewal239. Further demonstrating the 

utility of ECM macromolecules in stem cell niches, fibronectin helps in 

branching morphogenesis via cell-cell and cell-matrix interactions. A 

hydrogel containing fibronectin used to mimic the perivascular niche of 

adult neural stem cell (NSC), enhanced the neuronal differentiation potential 

of NSCs240. Another ECM molecule, perlecan has been exploited in order to 

impart neuroprotection in a rodent stroke model, promoting angiogenesis by 

VEGF secretion241. Exploratory studies using microarray-based ECM 

platforms in a combinatorial manner have been useful in identifying the 

important role of two ECM components laminin 1 and jagged 1 in NSC 

growth242. Tissues that experience mechanical load or electro-physiological 

stimulation require a combination of ECM cues and optimal mechanical 

stimulation, such as for osteogenic or cardiomyocyte differentiation.  
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Newer hydrogel-based materials have evolved to incorporate biological cues 

that cells receive, via adhesion and soluble signals in the microenvironment. 

Synthetic materials combined with ECM mimetic peptides with desired 

mechanical properties and biological cues have been shown to direct cell 

fate243.   In an alternative approach, cell specific material design may be 

possible by creation of an “inducible microniche”, which prime 

encapsulated cells to deposit cell specific ECM matrix will enhance cell 

engraftment and therapeutic benefit. Gelatin75 and collagen microgels have 

been used to prime human MSCs to promote a pro-angiogenic phenotype 

leading to neovascularization in vivo (Chapter 2).  

High-throughput technologies comprised of hydrogel microarrays242 with 

different combinations of ECM proteins and soluble factors will be useful in 

determining physiologically relevant cell-specific environment. Studies 

need to include unconventional protein-based matrix molecules. One such 

molecule sericin, derived from silk worms has shown to promote axonal 

growth of primary neuronal cells, offering neuroprotection by modulating 

apoptosis signalling pathway244.   

Although several reductive ECM approaches have been investigated, it is 

important to note that many different cell types contribute to the ECM in a 

physiological niche. For example, bone marrow microenvironment is 

majorly composed of collagen I, IV and VI, tenascin-C and fibronectin. 

Functional studies on collagen VI have revealed its importance in 

maintenance and proliferation of hematopoietic stem cells.  However it is 

important to note that, this niche is resident to osteoclasts, MSCs, 

megakaryocytes, macrophages, schwann cells and endothelial cells. Hence, 

while engineering cell specific environments using materials it is critical to 

consider that ECM proteins are not only integral in maintenance of 

structural equilibrium, but also harbour bio-instructive signalling cues to 

other cell types. 

 

1.12.2 Role of Integrins 

Integrins are “outside-to-inside” cell sensing anchoring receptors that bind 

and transmit signals from the extracellular matrix to intracellular cytosolic 
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space. Integrins are homodimers composed of α and β chains. 

Overexpression of specific integrins via presentation of its binding ligand in 

its natural form or on a semi-synthetic platform can influence the 

downstream cell signalling. For example α5β1 integrin interact with 

fibronectin binding domain resulting in increased RhoA activity245 , a 

GTPase protein responsible for stress fibre formation. Increase in RhoA 

activity enhance osteoinductive signalling in MSCs246. Downstream effects 

of Rho signalling occur through multiple mechanisms.  

Src family of tyrosine kinases is one of the crucial mediators of integrin 

signalling. Src-mediated transformation of epithelial cells alters its cuboidal 

morphology to fibroblastic in a process known as epithelial–mesenchymal 

transition (or EMT). Src-family kinases, Fyn and Src are required for 

rigidity sensing, and leads to activation of Src kinases driving RhoA 

mediated contractility247. RhoA and ROCK mediated contractility regulate 

differentiation of epithelial cells in collagen gels248. When fibroblasts are 

cultured in 3D type I collagen, integrin α2β1 activate pro-survival signal 

through phosphoinositide 3-kinase (PI3K) and Akt/protein kinase B. 

However, when the collagen contracts, Akt is inactivated which activates a 

pro-apoptotic signal249. This is an example of how integrin-dependent ECM 

remodeling results in turnover of cells at different stages of regeneration. 

Integrin clustering due to mechanical stress on β1 and α2 integrin subunits 

induces tyrosine phosphorylation of cytoskeleton-anchored proteins.  

Such mechanical stress also influences gene expression by activation of 

transcription factors via the MAP kinase pathway250. Extracellular 

availability of fibronectin and laminin leads to expression of fibronectin 

integrin α5β1 and laminin integrin α1β1. It has been observed that if the 

ECM contains ligands for both integrins, α1β1 is known to have a dominant 

inhibitory effect on α5β1, which leads to reduction in cell proliferation251.  

Differentiation of chondrocytes from MSCs are influenced by cellular 

expression of integrin αv and α5, where α5 integrin expression is 

significantly correlated with chondrogenic marker Sox9 under mechanical 

stimulation of MSCs 252,71. N-Cadherin, a transmembrane protein modulates 

β-catenin signalling via cell-cell interaction that promotes chondrogenic 
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differentiation. A recent study has reported on the influence of N-cadherin 

peptide mimic immobilised within MSCs embedded HA hydrogels. The 

study showed presence of the peptide mimic enhanced β-catenin expression 

by 80% in mesenchymal stem cells253. In another study, presence of both 

fibronectin and laminin help differentiate MSCs into insulin producing cells 

by activation of Akt and ERK signalling pathways254. A list of integrins and 

ligands that have been identified to determine cell-fate is summarised in 

Table 1.4.  

Cell attachment motifs that are engineered in synthetic materials, promote 

cell attachment via integrin αvβ3. This integrin is well-known in promoting 

cell proliferation and invasion in tumour metastasis255. Hence up-regulation 

of ECM ligands for αvβ3 binding, promote angiogenesis in endothelial cells 

or pericytes. Integrin association with growth factors or receptors such as 

VEGFR2, ANGPTL3 can lead to a pro-angiogeneic effect, whereas binding 

to thrombospodin, and angiostatin may result in an anti-angiogeneic 

response256. In response to wound repair, annexin A2 expressing epithelial 

cells play an active role in wound closure by controlling the dynamics of β1 

integrin, which is essential for matrix turnover and cell migration257.   

 

1.12.3 Cell-Cell Interactions 

In addition to the knowledge of cell-matrix interactions, the crosstalk 

between cell populations is gaining increasing attention. Within a 

developing tissue, cell-cell interactions help in minimising the tissue surface 

tension, driving self-assembly and reorganization270. Cells are enmeshed in 

a self-assembled environment, which undergo transitory changes during 

natural development. Stem cells are present in a dynamic 

microenvironment, supported and remodelled by many different cell types.  

For example, in the bone marrow, osteoblasts maintain hematopoietic stem 

cell quiescence via notch activation, and releasing cytokines such as stromal 

cell derived factor-1 and angiopoietin271.  In another example, vascular 

networks within muscle tissues are wrapped around by satellite muscle stem 

cells that regulate myofibril homeostasis via paracrine mechanisms. Several 

other cell types, including fibroblasts, endothelial cells, immune cells  
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contribute towards the modulation of satellite cell quiescence, expansion 

and differentiation272,273. 

From an immune modulatory point-of-view, an interesting example of 

epithelial cell signalling that occurs via secretion of thymic lymphopoietin 

and TGF-β, renders dendritic cells into a non-inflammatory phenotype and 

promote regulatory T cell responses274. It has also been proposed that 

regulatory T cell and mesenchymal interactions via CD39-CD73 adenosine 

pathway might potentiate mesenchymal differentiation to bone275.  In the 

field of cell encapsulation, cell-cell communication has been under 

appreciated due to the popular ‘cell-factory’ based approach. In the past 

couple of years, cell-cell interactions have gained significant interest in 

order to create a functional extracellular environment with respect to the cell 

density and presence of cell interaction ligands. Increased cell density 

results in enhanced function as a result of higher cell-cell interactions. Two 

well studied cadherins, cadherin-2 (CDH2) and cadherin-11 (CDH11) have 

been identified to a play a role in stem cell differentiation. CDH2 is 

upregulated during chondrogenesis and downregulated during adipogenesis. 

Whereas both CDH2 and CDH11 are highly expressed during MSC 

osteogenesis276. However, to identify an optimal cell dose, systematic 

studies must be carried out to understand the effects of cell-cell contact 

mediated signalling.  

Ephrin A is known to activate several cell survival pathways and induce 

integrin clustering for cell segregation during development277. PEG 

hydrogels functionalised with Ephrin A proteins showed increased islet cell-

cell communication with improved cell survival and responsiveness to 

glucose. It has been recently reported that human islets contain four distinct 

subtypes of β-cells. This crucial finding can lead to further mechanistic 

investigation to identify the interactions between the sub-populations and 

their influence on insulin release kinetics278.  

In addition to direct cell-cell communication mechanisms, there are indirect 

modes such as paracrine and extracellular vesicle mediated crosstalk. 

Extracellular vesicles, also known as exosomes, are heterogeneous in size 

ranging from ~50-500nm. Exosomes are able to stimulate other cells via 
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presentation of containing protein, lipids or nucleic acids. Stress induced 

exosomes from cardiac progenitor cells containing microRNA-21 offered 

protection to myocardial cells against oxidative stress induced apoptosis279. 

In order to benefit from cell-cell contact in the context of tissue engineering, 

different tissue cell types can be co-cultured to investigate functional role of 

intercellular signalling in tissue development. For example, endothelial cells 

were co-cultured with MSCs on a 3D collagen hydrogel to study vascular 

network formation280. In another study, it was observed that a collagen 3D 

co-culture of cardiac fibroblast and embryonic stem cells promoted 

cardiomyocyte differentiation, with enhanced expression of Nkx2.5, 

GATA4, ANF and CX43, a major cardiac gap junction protein281. These 

examples allude to the need for complex 3D systems that mimic specific 

tissue types. Although single cell type systems are essential for 

understanding function and cell behaviour, it is essential to re-create 

fingerprint ECM microenvironment that can self-assemble and form a 

consortia with multiple cell types resident in the tissues. 

 

1.13 Time-Space Dependent Interactions: Fourth Dimension 

Cells are spatially and hierarchically arranged within tissues, interlaced with 

biochemical, biophysical and electrical stimuli. Spontaneous genesis and 

abrogation of soluble and insoluble signals secreted by resident and 

circulating cells together contribute a functional equilibrium called “niche”. 

Scientific developments to date in the area of cell and matrix biology, have 

contributed to the basic understanding of how cells sense and translate cues. 

However two major points, which many studies do not take into account 

are: cells perform survival and metabolic functions differently in 2D and 3D 

environments. Also, cells are partially polarised on a flat substrate that 

guides anisotropy. Whereas in a 3D environment cells attain polarisation 

independently, from an isotropic state. Secondly, there is a dynamic 

reciprocity of cues between cells and the surrounding environment, 

established and abolished temporally. Cells resident within a tissue have this 

potential which enable creation of a functional extracellular 

microenvironment.  
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A unique combination of ECM information embedded within the matrix 

serves as a conspicuous roadmap. The type of extracellular environment, its 

recognition and tolerance to host-tissue directed self-assembly will 

determine its regenerative capacity.  Figure 1.5 illustrates the differences 

between the type of materials and the ‘biosimilar’ characteristics that play 

an important role in modulating cell behaviour and functional restoration. 

Tissue-derived natural extracellular matrix molecules offer a superior self-

assembly by the virtue of a biological backbone, and provide ‘fingerprint’ 

recognition to cells expanded on an artificial environment. In a clear 

example, myoblasts seeded on a decellularised muscle matrix under serum 

free condition not only rapidly secreted endogenous proteins, but also 

formed mature myotubes along the ‘tracks’ within natural muscle matrix282. 

Over time cells maximise cell-cell contact, degrade the matrix and migrate 

by applying traction forces on the matrix. Magnitude of traction forces 

applied by the cells is governed by ligand availability and stiffness of the 

characteristic 3D ECM architecture. One hydrogel composition does not fit 

all cell-specific extracellular environments. The differences in cellular 

environments alter adhesion protein dynamics three-fold faster than 2D 

environments283. Dimensionality can diversify cell-matrix adhesion patterns, 

due to high tension and distribution of adhesion sites. For example, in a 3D 

fibronectin matrix, cells co-localise α5 integrin with paxillin, whereas α5 

integrin expression is absent in 2D284. These effects can enhance the 

continuity of 3D adhesions over time. MMP-dependent peri-cellular 

proteolysis modulates a ‘second-order’ process that widens the pores within 

a matrix, and facilitates migration through degradable substrates 285. 

Creating artificial environments puts pseudo-control in the hands of the 

experimenter. Meaning, cells respond to the limited cues presented in 

synthetic environments, but in a physiological state, soluble and matrix 

bound signalling molecules shuttle between single or multiple cell types in a 

dose-dependent manner. This time-dependent interaction in a ‘fluidic’ tissue 

environment is referred to as the fourth dimension. Recent advances in 

‘click-chemistry’ have allowed the development of synthetic matrices that 

can selectively present or remove bioactive molecules with full spatial and  
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temporal control286, in a quasi-4D like environment. The challenge however 

is whether the spatial distribution of cues can be made accessible locally to 

the desired cell type, when hierarchical complexity is achieved. Other 

factors such as secretion of extracellular matrix, feedback mechanisms, and 

enzymatic remodeling cannot be precisely modulated.   

 

1.14 Biological Function and Outlook 

It is inarguably clear from this review, that ECM informatics is essential in 

designing matrices to drive number of fundamental and complex cellular 

processes. However, the field of cell injection therapies views ‘living cells’ 

as defined chemical entities, oblivious of the fact that, normal cell function 

can only be achieved in a tissue-like environment. In the last few years, 

several clinical trials with cell transplantation strategies have been 

unsuccessful at different phases of development, due to limited cell 

function. One of the major reasons of such failures is due to 

oversimplification of a complex biological milieu, combined with 

regulatory hurdles in defining a controlled cell-environment for optimal 

therapeutic effect.  

Cell immobilisation approach introduced the paradigm of cytoprotection, 

which augmented the cellular effect by providing spatial confinement and 

protection from harmful host reactions. The need for tissue replacement and 

regenerative strategies coincided with the advances in supramolecular 

chemistry, giving rise to a new class of ‘living’ biomedical devices. ECM 

engineering has led to the development of a diverse portfolio of materials 

that modestly bio-mimic the tissue environment. Although there has been a 

significant development in material sciences, a shift in focus, towards 

creating a controlled model environment has uncoupled the rationale for 

choosing a material from designing a cell specific tissue microenvironment. 

Well-defined synthetic ECM modules developed with tunable compositions, 

mechanics and sensitivity have immensely contributed to our understanding 

of cell behaviour and function, by manipulating one-factor at a time.  

The ECM found within tissues is not just scaffolding, but an instruction 

manual, which is characteristic of a specific tissue appliance. Number of 
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different physical, mechanical and chemical activities is dynamically 

orchestrated to maintain cell functions. Conventional cell immunoisolation 

approach using xenogenic or genetically modified cells only addresses 

short-term restoration of tissue function by implantation of exogenous cell-

factories. However unconditional immunoisolation cannot be achieved 

against toxic effector molecules without compromising nutrient availability 

to encapsulated cells. Therefore, a combination of immunomodulatory 

elements embedded within tailored, tissue specific ECM matrix will allow 

to create a ‘inducible’ niche, that will alter inflammatory responses and 

kick-start innate regenerative mechanisms.  

High-throughput ECM arrays can be systematically assessed to understand 

functional and developmental mechanisms in a matrix induced tissue 

morphogenesis. In addition to customised matrices, it is also imperative to 

take into account co-culture systems to allow nascent self-assembly prior to 

in vivo implantation studies. The key challenge is to define and characterise 

these systems for clinical use. Some of these factors include the 

composition, degradation kinetics, diffusion and release of therapeutic 

factors and time-scale for cell/tissue integration. With reliable recombinant 

protein expression technologies, a smorgasbord of ECM proteins can be 

produced in a reproducible and cost-effective manner. The idea of 

synthesizing customised matrices for transplantation of therapeutic cells 

offers a promising avenue for biomaterial-based cell therapies focussed 

towards engineering commercially viable regenerative solutions. 

 

1.15 Relevance of Cell Encapsulation in Critical Limb Ischemia 

Cell retention is a major challenge for cell therapy in Critical Limb Ischemia 

due to cellular apoptosis in the early days after cell implantation. Other 

disadvantages include off-target migration and excessive inflammation due 

to multiple intramuscular injection of cells. 

Cells encapsulated within a microgel-based cell delivery device offer 

significant potential as a treatment strategy for peripheral vascular disease, 

whereby administration of therapeutic cells in form of microbead depots 

within the vicinity of degenerated vessel could promote neovascularisation 
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and induce restoration of blood flow to the ischemic limb. From a tissue 

engineering standpoint, it is essential to engineer a cell microenvironment 

that closely mimics the target tissue. Hence the use of ECM-based self-

assembling macromolecules (e.g., collagen, elastin, fibronectin) is 

favourable as it not only provides structural and anchoring support, but also 

improves cell signalling through cell-matrix interactions by remodelling its 

extracellular microenvironment by a variety of enzymes (e.g., matrix 

metalloproteinases). 

 

1.16 Overall Hypothesis  

The overall aim of the project was to develop a 3D microgel-based cell 

delivery platform using bone marrow-derived MSCs to mimic the 

extracellular environment predominantly rich in collagens and enhance the 

pro-angiogenic capacity to achieve neovascularisation in an in vivo disease 

model of CLI. 

 

1.17 Phase One (Chapter Two) 

Hypothesis: Paracrine responses of hMSCs can be modulated on a tunable 

crosslinked collagen type-I microgel platform.  

 

Objectives: 

• Development of a spherical microgel construct composed of type-I 

collagen, crosslinker (4-arm polyethylene glycol succinimidyl 

glutarate) and bone marrow-derived MSCs. 

• To evaluate the stability of the construct based on macromolecular 

concentration and degree of crosslinking. 

• To evaluate the effect of macromolecular concentration on cell 

survival, apoptosis, proliferation, migration, construct remodeling 

and differentiation capacity. 

• To evaluate the effect on paracrine secretome of MSCs as a function 

of macromolecular concentration and cell density. 

• To evaluate the efficacy and engraftment of hMSC seeded microgels 

in a pilot in vivo study using a femoral artery single ligation model. 
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1.18 Phase Two (Chapter Three) 

Hypothesis: Double ligation of the femoral artery in an 

immunocompromised mouse model can be used to induce severe necrosis 

and poor perfusion in the hindlimb, for testing cell and biomaterial-based 

therapeutics.  

 

Objectives 

• To compare differences in endogenous perfusion recovery, 

ambulatory impairment and extent of necrosis between athymic nude 

mice and balb/C nude mice after single and double ligation of the 

femoral artery. 

• To evaluate the histological differences in angiogenesis and 

inflammation in explanted muscle tissues after single and double 

ligation.  

• To compare the effect on endogenous perfusion recovery, 

ambulatory impairment and extent of necrosis based on the ligation 

of femoral artery at different anatomical sites. 

• To evaluate the histological differences in angiogenesis and 

inflammation in explanted muscle tissues after ligation of the 

femoral artery at different sites 

• To investigate the pattern of rapid vascular reperfusion in single 

ligation models using live intra-vital microscopy. 

 

1.19 Phase Three (Chapter Four) 

Hypothesis: In vivo therapeutic angiogenesis can be achieved with low-

dose delivery of hMSCs embedded in a 3D type-I collagen microgel, a 

platform for proangiogenic priming of hMSCs induced by altered 

macromolecular concentration.  

 

Objectives 

• To evaluate the effect of macromolecular concentration on cell shape 

and morphology. 



Chapter 1
 

	

	 67	

• To evaluate the differences in matrix stiffness after culturing MSCs 

on microgels with different macromolecular concentrations. 

• To investigate the differences in MSC integrin expression on 

changes in the macromolecular concentration.  

• To evaluate the therapeutic efficacy in vivo in a severe double 

ligation model of hindlimb ischemia. 

• To evaluate the differences in N-glycan distribution in explanted 

muscle tissues treated with hMSC embedded microgels.  
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2.1 Introduction 

Vascular repair and formation of new blood vessels are mediated in a 

perfusion independent manner1, progenitor cells act as ‘angiocrine’ factories 

to create new vascular niches in a nutrient enriched environment2. Artificial 

extracellular matrix has been used to deliver genetically programmed cells to 

secrete anti-angiogenic factors in tumour therapy3,4. However, priming 

progenitor cells towards tropic paracrine factories for therapeutic 

angiogenesis, without genetic manipulation would require re-creation of the 

natural repository of the cells in the body. For vascular repair and soft-tissue 

regeneration, hydrogels have received significant attention for the delivery of 

cells, due to its pliable properties that mimic the coherent three dimensional 

tissue environment5-8. Recent advances in supramolecular chemistry has 

contributed towards the synthesis of tailored artificial niches, which can be 

spatially controlled to interact biochemically within a living 

microenvironment9-11. Though these strategies contribute towards 

understanding cellular behaviour in an artificial environment, it limits the 

understanding of the natural cellular responses that are specific to the 

‘fingerprint’ tissue microenvironment, which dictates cell-specific function, 

such as the angiocrine effects.  

Naturally derived extracellular matrix (nECM) endogenously possesses a 

bioinstructive framework, which offers biochemical cues influenced by the 

macromolecular concentration in the cellular environment. For soft-tissue 

regeneration and vascular repair, shape and size of the engineered constructs 

also play a significant role due to limitations in mass transport of oxygen and 

nutrients12,13. Spherical microgels- microscale hydrogels, offer high surface 

to volume ratio which allows for interaction and integration of the 

microenvironment into the local tissue mass transport, offering lower bulk 

resistance and higher stability7,8,12,14. Structurally, controlling the rate of 

diffusion is central for maintaining cell viability, and spherical constructs 

offer higher surface-to-volume ratio with shorter diffusion distances15. 

However, microscale fabrication of spherical microgels using nECM 

molecules is more challenging due to dynamic self-assembling properties, 

which is comparable to the ECMs properties in natural tissue environments. 

Microgels made of ECM materials respond and modulate cellular behaviour, 
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as ECMs form the modular toolkit for natural tissue remodelling and repair. 

In addition, it offers lower protein adsorption capacities in comparison to 

larger non-biomimetic constructs that often lead to pericapsular reactions16. 

 

To date, many designer hydrogel-based platforms have been developed, with 

greater emphasis on driving cellular differentiation of stem cells17,18. And 

mostly, hydrogel properties that influence such cell behaviour are varied one-

factor-at-a-time; this control however fails to recapitulate the dynamic 

processes in the extracellular environment. Hence achieving a custom-

designed optimal stem cell microenvironment through tunability of 

macromolecular density, combined with cell-cell and cell-matrix interactions 

have not been thoroughly investigated. This study demonstrates fabrication 

of a spherical, nECM-based, type-I collagen ‘microgel’ cell delivery platform 

with tuneable properties, specifically aimed to enhance tissue vascularisation. 

The design considerations taken into account to develop such a cell delivery 

platform included, the shape and size of the construct, choice of an 

appropriate macromolecule that degrades readily in presence of enzymes, and 

most importantly, tunability of macromolecular and the crosslinking density 

to prime embedded human mesenchymal stem cells (hMSCs) towards an 

angiogenic phenotype. The overall hypothesis of the study was to establish 

that the paracrine responses of human mesenchymal stem cells (hMSCs) can 

be tuned in a 3D type-I collagen microgel platform. The specific objectives 

of the study were to investigate the effects of tuneable parameters such as 

matrix concentration, crosslinker concentration and cell densities on 

obtaining a optimally crosslinked cell delivery platform, to promote higher 

cell survival and retention, support proliferation, maintain phenotypical MSC 

characteristics and induce enhanced paracrine response due to cell-cell and 

cell-matrix interactions. 

 

2.2 Materials and Methods 

2.2.1  Culture of  Human Mesenchymal Stem Cells 

hMSC primary cells were isolated from fresh human bone marrow. Cell 

isolation was done in the same media as the expansion, so the cells were never 

exposed to more than one type of serum. Non-adherent cells were removed 
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after three days, then the media were changed twice per week. Isolated cells 

were characterised based on their tri-lineage differentiation potential and 

presence of cell surface markers using flow cytometry. Cell cultured were 

MEM alpha, GlutaMAX™ supplemented with 10% fetal bovine serum and 

1% penicillin/streptomycin maintained at 37°C humidified atmosphere 

containing 5% CO2. 

 

2.2.2  Fabrication of Microgels 

Bovine tendon derived type-I atelocollagen (1/2/3mg ml-1 final) was 

neutralised in sodium hydroxide 1M and phosphate buffer saline 10X. The 

forming gel solution was then made after addition of 4S-StarPEG 2mM, cells 

were then added to the mixture (0.1/ 0.4/0.8 x106 cells ml-1 final). The 

forming gel solution was them micro-dispensed as 2 µL droplets on a 

hydrophobic surface (commercial Teflon® tape) to create a spherical shape 

and incubated for 40 mins at 37°C for stable crosslinking.  

 

2.2.3 Stability of Microgels 

Microgel stability was quantified by colorimetry using a  Coomassie Brilliant 

blue assay (CBB)19,20. CBB G-250 dye (Sigma) is anionic and has high 

affinity for proteins21, release of the coomassie dye on action by collagenases 

was measured by spectrophotometry. Hydrogels were stained in 0.1% CBB 

(w/v) for six hrs with gentle agitation, and de-stained for two hrs in de-

staining buffer. The gels were then transferred to multi-well plates and 

incubated 0.5-1mg ml-1 collagenases (Sigma, C2674) in 50mM Cacl2 

prepared in 0.1mM Tris HCL. Supernatant from the samples were measured 

by a spectrophotometer measuring at 595nm at chosen intervals. All data is 

normalised with data from hydrogels that were completely degraded by the 

enzyme.  

 

2.2.4 Quantification of Crosslinking 

Cross-links that are formed in a gel due to a crosslinking agent is due to the 

presence of free primary amines. Hence the degree of crosslinking is related 

to the amount of free primary amines in a gel. Free amines in the microgels 

were quantified using the trinitrobenzene sulfonic acid (TNBSA) assay. 
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Microgels were incubated with TNBSA for two hrs at 37°C, followed by 

addition of 10% sodium dodecyl sulphate and hydrochloric acid 1M to stop 

the reaction. Microgels were then briefly homogenised to release the product, 

and the absorbance of each sample was measured at 335 nm along with a 

standard curve with known protein concentrations. 

 

2.2.5 Cell Viability and Apoptosis  

hMSCs were stained with Annexin V–FITC and PI, and evaluated for 

viability, early apoptosis and cell death by a flow cytometer according to the 

manufacturer's protocol (BD Pharmingen, San Diego, CA, USA). Briefly, 105 

cells were washed twice with phosphate-buffered saline (PBS), and stained 

with 2µl of Annexin V–FITC and 10µl of PI in binding buffer (10 mM 

HEPES, 150 mM NaCl, 5 mM KCl, 1 mM MgCl2, and 1.8 mM CaCl2, pH 

7.4) for 15 min on ice in the dark. The apoptotic cells were determined using 

a Becton-Dickinson FACS Canto Flow Cytometer (Mansfield, MA, USA). 

Live cells (annexinV-negative, PI-negative), early apoptotic cells (annexin V-

positive, PI-negative) and dead cells (annexin V-negative and PI-positive) 

cells were included for analysis using FlowJo® software 8.5.2 (Tree Star Inc., 

Ashland, OR).  

 

2.2.6 Proliferation Analysis 

Microgel embedded cells were pulsed with 25µM BrdU (Sigma-Aldrich) for 

two hrs, followed by PBS wash. Microgels were then digested in collagenases 

for 20 mins and sterile filtered to harvest cells. Harvested cells were 

immediately fixed in ice-cold 100% ethanol. Acid permeabilisation was then 

carried out using HCl, the cells were blocked in phosphate buffered saline 

(PBS) containing 0.1% Triton X-100 solution and 0.5% bovine serum 

albumin (Sigma-Aldrich). The cells were sequentially incubated with anti-

BrdU antibody (BD Biosciences) and FITC-conjugated anti-mouse IgG 

antibody (Sigma-Aldrich) for 30 mins each at room temperature. Before 

analysis on BD FACS Canto (BD Biosciences, San Jose, CA), cells were re-

suspended in propidium iodide/RNase staining buffer (BD Biosciences). The 

percentage of cells in proliferative phase was analysed by gating FITC-BrdU 

positive cells in the S-phase. 
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2.2.7 Differentiation of hMSC  

To induce chondrogenesis, cells extracted from microgels and cells grown on 

tissue culture plastic were harvested, transferred to polypropylene tubes and 

differentiated into chondrocytes in pellet cultures (200 000 cells/pellet) in 

standard chondrogenic induction media supplemented with 10ng ml-1 TGF-

β3 changed every three days. Detailed differentiation procedures and lot 

numbers for supplements at proprietary concentrations are provided by Lonza 

(Poietics™ human mesenchymal stem cells). The tubes were incubated at 

37°C in a 5% CO2 incubator and the medium was changed twice a week. 

Chondrogenic pellets were harvested after 20–22 days in culture. The pellets 

were fixed with 4% paraformaldehyde, embedded in paraffin blocks and cut 

into 5-µm thick sections. Samples were then stained with Alcian blue using 

standard staining methods.  

To induce adipogenic differentiation, cells extracted from microgels and cells 

grown on tissue culture plastic were seeded in six-well plates. Cells were 

grown to confluence and treated with standard adipogenic 

induction/maintenance media: 72 hrs in adipogenic induction media 

containing dexamethasone, 3-isobutyl-1-methyl-xanthine (IBMX), 

recombinant human insulin and indomethacin, followed by 48 hrs 

maintenance media containing recombinant human insulin. Detailed 

differentiation procedures and lot numbers for proprietary supplements are 

provided by Lonza. The medium was changed twice a week. After ten days 

the cells were fixed with 4% paraformaldehyde and stained with Oil Red. 

To induce osteogenesis, cells extracted from microgels and cells grown on 

tissue culture plastic were seeded in six-well plates. Cells were allowed to 

adhere for 24 hrs, then standard osteoblastic differentiation was induced with 

media consisting of DMEM (Invitrogen), 10% fetal bovine serum (Hyclone), 

100 U ml−1 penicillin G sodium, 100 µg ml−1 streptomycin sulfate, 50 µg 

ml−1l-ascorbic acid, 2.1 mM sodium β-glycerophosphate and 10 nM 

dexamethasone. The medium was changed twice a week. After 7–20 days of 

culture, the cells were fixed with 4% paraformaldehyde and stained with 

Alizarin Red. 

 

 



Chapter 2
 

	 100	

2.2.8 Cell Migration Assay 

Cell migration from the crosslinked and non-crosslinked gels was determined 

using the xCELLigence™ system (Roche) with the CIM-Plate 16 and RTCA 

DP Instrument (Roche) according to the manufacturer’s instructions. Briefly, 

Cells were pre-incubated in MEM alpha, GlutaMAX™ supplemented with 

2% CS-FBS for 8 hrs. Then 32,000 cells were mixed with gel forming 

solution or non-gel forming solution and were left for incubation in the upper 

chamber CIM-Plate 16 (ACEA Biosciences Inc.) for 15 mins. MEM alpha, 

GlutaMAX™ supplemented with 10% CS-FBS was added to the lower 

chamber and the CIM-Plate 16 was incubated at 37°C in the RTCA DP 

Instrument for 48 hrs. Cell migration index was measured as a function of 

real-time changes in electrical impedance by the xCELLigence™ system 

(Roche Applied Science, Mannheim Germany). Standard deviations of 

replicates were calculated using the supplied RTCA Software (Roche). Error 

bars represent ± S.E. Statistical significance was analysed using one-way 

ANOVA followed by Tukey's multiple comparison test; p < 0.05. 

 

2.2.9 Size Analysis of Microgel Constructs 

Microgel sizes from all groups (n=3 per timepoint) were measured over eight 

days post fabrication. Before image capture, microgels were transferred to 

35mm glass-bottom dishes (MatTek Corporation). Samples were then 

visualised using Olympus BX51® upright microscope connected to an 

Olympus DP70 digital image capture system (Japan). 

 

2.2.10 Quantitation of Cytokines 

The levels of cytokines in supernatants or whole cell extracts were taken from 

cells embedded microgels or cells alone. Samples were then measured using 

a Human Pro-inflammatory 7-Plex Assay Kit (Meso Scale Discovery), 

Human Growth Factor I Kit, Human SDF1-α -ANG-1-ANG-2 Cytokine Kit 

and Human MMP 3-Plex Ultra-Sensitive Kit. The assay was done according 

to the manufacturer’s protocol. Briefly, 25 µl of the samples or kit calibrators 

were added to assay diluent in a 96-well assay plate. Following the 

incubation, the plate was washed then incubated with detection antibody 

solution as per the manufacturer’s instructions. Read Buffer was added to 
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each well in the assay plate, and measured by a SECTOR Imager (Meso Scale 

Discovery). Cytokines, including interleukin-1β (IL-1β), IL-12p70, IFN-γ, 

IL-6, IL-8, IL-10 and TNF-α, bFGF, PlGF, VEGF, VEGFR-1 (sFlt-1), SDF1- 

α, ANG-1, ANG-2, HIF-1 α, MMP1, MMP3 and MMP9 were analysed. The 

data were quantified using a standard curve generated from the kit calibrators 

for each of the cytokines. 

 

2.2.11 Model of Hind-limb Ischemia 

All the animal treatments and experimental procedures were approved by the 

institutional Ethics Committee and were conducted in compliance with 

European Union Directive 2010/63/EU and S.I No. 543 of 2012. The work 

was carried out under the project licence (AE19125/P012) and individual 

authorisation (I031) issued by the Irish Health Products Regulatory Authority 

(HPRA). A nude mouse hindlimb ischemia model was used to test the 

therapeutic efficacy of the optimised 2mg ml-1 0.8M cells microgel construct. 

The mice were anesthetized with intra-peritoneal injections of xylazine (10 

mg⁄kg) and ketamine (80 mg⁄kg). A unilateral incision was made over the left 

medial thigh of the mouse. Femoral artery was then ligated at the proximal 

and distal region above the profunda femoris branch, a cut was made between 

the ligation sites interrupting the blood flow to the limb. 30±5 microgels 

(1600 cells/microgel), microgels alone and PBS were delivered in an 

injectable fashion at the time of the surgical induction. The incision was then 

sutured closed and the animals were given analgesic of 0.05mg/kg 

buprenorphine prior to recovery from anaesthesia. Mice were then 

periodically assessed for improvement in ambulation and signs of necrosis or 

auto-amputation. A group of mice (n=4/group) were sacrificed at day 7, day 

14 and day 21. 

 

2.2.12 Assessment of Ambulation and Necrosis 

The efficacy of the treatment was evaluated semi-quantitatively by gross 

examination of the foot. Limb condition was categorised into several levels 

of severity and scored based on signs of necrosis and the extent of plantar 

flexion or dragging observed on the operated foot while walking. Two 
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blinded independent scorers carried out the scoring every week for three 

weeks. 

 

2.2.13 Histology 

Group of mice were sacrificed at day 7, day 14 and day 21. Hind-limb 

gastrocnemius muscle was carefully dissected and weighed before fixing in 

4% PFA. The samples were snap frozen and embedded in optimal cutting 

temperature compound (TISSUE-TEK®; Sakura Finetek USA. Inc.) and then 

cryo-sectioned at a thickness of 5µm at - 22°C. The samples were stained with 

hematoxylin and eosin (H&E). For immunofluorescence, 5µm tissue 

cryosections were stained first, blocked and treated with an antibody specific 

for CD31/PECAM-1, followed by a FITC-conjugated secondary antibody 

(1:1000) (Dianova, Rodeo, CA). 

 

2.2.14 Histomorphometry  

Histomorphometry analysis is performed to quantify tissue responses to 

injectable or implantable therapeutics22,23. This technique allows to measure 

changes in the tissue such as angiogenesis, deposition of extracellular matrix, 

changes in characteristic structural features of cells from specific tissues and 

infiltration of inflammatory cells during tissue repair. Blood vessels and 

infiltration of inflammatory cells were performed using a systematic random 

sampling strategy. For quantification, twenty images per sample per animal 

were analysed across four levels separated by 50µm. The fields were captured 

at 20X magnification. A grid mask with squares of defined dimensions were 

placed on the histology sections using Image Pro® Plus software. Quantified 

parameters were capillary density, length density, radial diffusion and the 

volume fraction of infiltrating cells. For angiogenesis, the points where the 

squares on the grid intersected blood vessels are numbered on the section. 

The surface capillary density of blood vessels was calculated using the 

intersected blood vessels multiplied by the area of the square. The total length 

of blood vessels in the muscle was calculated by multiplying length density 

(Lv) by volume of the muscle. The radial diffusion was calculated using 

calculated using the formula (1/SQRT(Lv*PI)*1000, which is the distance 

between blood vessels and is an indicator of the capillary network in the 
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vascular bed. The shorter the distance between blood vessels, smaller the 

distance required for nutrients to diffuse into surrounding tissues. The volume 

fraction of infiltrating inflammatory cells was also evaluated. Inflammatory 

cells including lymphocytes and neutrophils were counted. The volume 

fraction was determined with a 1938 points grid using Image Pro® Plus 

software (Media Cybernetics). Neutrophils were identified as small dense 

circular multi-lobed cells and lymphocytes as small round dense cells with 

large nuclei. 

 

2.2.15 Statistical Analyses 

Statistical analyses were performed using GraphPad Prism® Version 5 (USA) 

and IBM SPSS® Version 21, Data were compared using one-way or two-way 

analysis of variance (ANOVA) based on the number of factors analysed, 

followed by a Tukey post-hoc comparison test. Pearson’s correlation with 

bivariate analysis controlled for time point was carried out for the multiplex 

ELISA results. Statistical significance was set at p < 0.05 (*). 

 

2.3 Results  

2.3.1 Microgel Fabrication and Study Design 

Spherical microgels made of type-I collagen were fabricated by micro-

dispensing the forming gel solution mixed with cells onto a hydrophobic 

Teflon™ surface (Figure 2.1a). Microgels were fabricated in different 

combinations varying the collagen concentrations (1mg ml-1, 2mg ml-1 and 

3mg ml-1), embedding cell densities (0.1 x106, 0.4 x106, 0.8x106) and collagen 

to crosslinker molar ratios (1:1 and 1:2). Using a systematic study design 

(Figure 2.1b) the cell density was varied to observe the effect of changing 

macromolecular concentration in the microgel environment, also the dynamic 

remodelling of the microgel over time. 

 

2.3.2 Optimal Crosslinking of Microgels 

Versatility in the microgels is introduced by the change in mechanical 

properties conferred by the crosslinker 4S-StarPEG, increasing its stability by 

covalent tethering of polymeric collagen chains (Figure 2.8). In vivo, ECMs 

are physically or enzymatically crosslinked. These ECMs are also 
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continuously synthesised and recycled by cells. 4S-StarPEG in 1:1 and 1:2 

molar ratios with collagen were used to obtain stable microgels. 4S-StarPEG 

ends with four terminal N-hydroxysuccinimidyl (NHS) reactive groups24. 

The NHS groups bind to the primary amines on collagen, bridging the 

polymeric chains together. A significant difference was observed between all 

the 4S-StarPEG crosslinked gels and non-crosslinked gels (Figure 2.2a) 

using a trinitrobenzene sulfonic acid assay. Collagen to 4S-StarPEG 1:1 ratio 

reduced free amine up to 45%±5%, however this ratio did not decrease further 

by increasing the crosslinker concentration. Hence, an optimal 1:1 crosslinker 

ratio was used to stabilise microgels of different collagen concentrations 

controlling for higher stability. 

 

2.3.3 Stability Testing  

To demonstrate the stability of the 4S-StarPEG crosslinked gels, the gels were 

subjected to an in vitro collagenase challenge-test. Non-crosslinked gels were 

completely degraded in 24 hrs. The collagen microgels crosslinked with 0.2% 

gluteraldehyde (control) exhibited higher resistance to enzymatic degradation 

up to 25% whereas, 4S-StarPEG crosslinked microgels showed lower 

resistance to enzymatic action (Figure 2.2b), and during 24 hrs, the stability 

seemed to be dependent on increasing collagen concentrations with 50-70% 

degradation over the experimental period. This was expected as complex 

porous matrix architecture increases with increasing crosslinked collagen 

concentration. However, a less dense environment allows cellular spatial 

organisation without proteolytic matrix remodelling25.  

 

2.3.4 Cell Survival and Apoptosis 

To investigate cell survival in the microgels, different cell densities such as 

0.1, 0.4 and 0.8 million cells ml-1 were tested with varying collagen 

concentrations. The increasing cell densities were studied, to observe early 

effects of functional contiguity of the matrix in the microgel 

microenvironment. To examine cell survival, cells embedded in microgels 

were extracted by mild collagenase digestion and hMSCs were stained with 

Annexin V–FITC and PI, and evaluated for viability, early apoptosis and cell 

death by flow cytometry. Overall, the cells showed over 80% cell viability 
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over two weeks (Figure 2.9), across all collagen concentrations and cell 

densities. Similar observations were made with Live/Dead™ staining of the 

cells in an intact microgel (Figure 2.9). Cells were homogenously dispersed 

within the microgel, forming cell-cell networks within the microgel. Collagen 

being naturally occurring ECM, it provides numerous cellular-interactive 

cues, however the key question that needed to be addressed was whether the 

collagen microgel environment can influence cellular processes such as 

apoptosis26,27. Cell apoptosis was characterised using Annexin-V as an early 

marker for apoptosis. The data suggests that across all the collagen 

concentrations and cell densities, only 5% cells underwent apoptosis over two 

weeks (Figure 2.3a). It was observed that in 1mg ml-1 microgels, there was 

an increase in the number of cells undergoing apoptosis at all cell densities; 

and was significantly higher than 2mg ml-1 and 3mg ml-1 microgels. This is 

likely due to increasing number of cells competing for ligands for attachment 

on the matrix28. Less than 2% cell population underwent apoptosis in 2mg  

ml-1 and 3mg ml-1 microgels at the highest cell density at day 12.  

 

2.3.5 Cell Proliferation and Phenotypic Characterisation  

Further, to understand the kinetics of hMSCs on microgels by looking at the 

S-phase cell population in the microgels over 12 days in culture. Only less 

than 7% cells underwent proliferation in the microgel (Figure 2.3b), where 

the data suggests a decreasing trend from day 4 to day 12. This was interesting 

because on 2D tissue culture plastic these quiescent, multi-potent bone 

marrow cells proliferate rapidly, with over 30% cells in the S-phase. 

Investigating this further, and to re-characterise the hMSCs embedded in 

microgels. Cell extracted from the microgels were checked for phenotypic 

markers CD105, CD90 and CD73 for two weeks, and the presence of the 

markers confirmed that the microgel environment did not influence hMSC 

phenotype (Figure 2.11).  Also, this was additionally confirmed by positive 

differentiation of the cells into adipogenic, chondrogenic and osteogenic 

phenotype after 21 days (Figure 2.11).  

 

 

 



Chapter 2
 

	 106	

2.3.6 Construct Size and MMP analysis 

To analyse the changes in construct size of the microgels for injectability 

purposes, the difference between the initial and final construct size was 

quantified in vitro over eight days. It was observed that the cells embedded 

in the microgels brought about changes in the microgel size over time (Figure 

2.10a), which appeared to be a function of collagen concentration and cell 

density. The quantified data showed a relationship between the reduction in 

construct size with the cell density and collagen concentration (Figure 

2.10b). Higher the collagen concentration and lower cell density showed 

minimum reduction in construct size, whereas lower collagen concentration 

and higher cell density showed greater reduction in construct size. The final 

size of the microgels fabricated with 1 and 2mg ml-1 with the highest cell 

density reduced up to ~650µm. To explore the reduction in the construct size, 

proteomic MMP profiling was conducted and it was observed that MMP-1 

mediated matrix remodelling triggered the change in the construct size, which 

was dependent on the concentration of collagen and cell density (Figure 

2.13). It was also noted that the MMP-1 activity remained constant after 48 

hrs.  

 

2.3.7 Cell Retention on Microgels 

Changes in the construct size and proliferation in microgels, raised the 

question on cellular migration from the chemically crosslinked microgels. It 

is known that, non-degradable physically crosslinked matrices are affected by 

both the mechanical and biochemical properties of the hydrogel material29. It 

was observed that, overall there was increased cell migration with time in 

both crosslinked and non-crosslinked gels. But 4S-StarPEG crosslinked 

microgels retained the cells better than non-crosslinked as observed during 

48 hrs (Figure 2.12). Also, the data suggests increased retention of cells in 

the crosslinked 2mg ml-1 microgels over 1 and 3mg ml-1 microgels.  

 

2.3.8 hMSCs Paracrine Effect on Microgels 

Human bone marrow derived mesenchymal stem cells have previously been 

reported to stimulate angiogenesis and modulate inflammation1,30,31, in this 

study it was  hypothesised that paracrine responses of hMSCs can be 
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modulated in a microgel environment with tuneable macromolecular 

concentration of type-I collagen and varying the cell density. Interestingly, 

hMSCs cultured in microgel responded to the macromolecular concentration 

and cell density through their paracrine output in a time dependent manner. 

hMSC embedded microgels of different collagen concentrations and cell 

densities were screened using cytokine ELISA panels, which included growth 

factors with pro and anti-inflammatory cytokines measured over a period of 

four consecutive days under normal culture conditions. Strikingly, as early as 

24 hrs, differences in the levels of cytokines produced by hMSCs in different 

microgel concentrations were observed. Significant differences were seen in 

the levels of SDF-1α, ANG-1, ANG-2, VEGF, IL-6 and IL8, which increased 

over time in the media supernatant (Figure 2.4a). The effect of the paracrine 

output became increasingly clear with 0.4 million (Figure 2.4b) and 0.8 

million (Figure 2.4c) cell densities. Additionally, pro-inflammatory 

cytokines like TNFα, IL-12, IL-1β, IFN-γ were not detected or were under 

detectable limits. Correlation analysis of the paracrine release in 2mg ml-1 

microgels showed a strong positive correlation among the measured 

angiogenic cytokines (Figure 2.4d), and a negative correlation was seen 

between SDF-1α and ANG-2. This correlation led us to investigate whether 

the macromolecular environment in a microgel also influenced HIF-1α 

expression, whole cell lysates from each microgel condition at the highest cell 

density were analysed using a cell signalling assay kit, it was found that cells 

embedded in 2mg ml-1 microgel had significantly higher levels of HIF-1α at 

96 hrs compared to 1mg and 3mg ml-1 (Figure 2.14). 

 

2.3.9 In vivo Testing of Microgels in a Hind-limb Ischemia Model  

To demonstrate the functional effects of the optimised construct, 2mg ml-1 

microgel with 0.8million cell density was tested in a hindlimb ischemia 

model. The left limb femoral artery of 7–8 week old balb/C nude mice was 

ligated and excised in a well-established model of peripheral limb ischemia32. 

The right limb served as a control reference. During femoral artery excision 

surgery, mice received either (i) microgels with cells, (ii) microgels alone or 

(iii) PBS.  The peak of paracrine response of the hMSCs in microgel 

environment was observed on day four, hence the 2mg ml-1 microgels with 
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0.8 million cells ml-1 cell density were fabricated four days prior to the 

surgical induction of ischemia in mice. However, the number of microgels 

delivered was limited by the space on top of the thigh muscle over the ligation 

site. Preliminary optimisation studies indicated only 30±5 microgels (1600 

cells/microgel) can be delivered without damaging the underlying vascular 

bed. The microgels containing cells were labelled with PkH26 before being 

delivered into the ischemic site of injury. At day 7, 14 and 21, mice were 

sacrificed and were assessed for graft survival, ambulatory improvement, 

gross necrosis and functional recovery by histological analysis. Interestingly, 

at day 7, ‘live microgels’ were found at the site of implantation, these 

microgels retained live hMSCs, which was confirmed by the PkH26 cell label 

and Live/Dead™ staining (Figure 2.6a). However microgels were non-

recoverable at day 14 and day 21. At day 7, ambulatory scores revealed, 

animals that received microgels with cells showed improvement in 

ambulation (Figure 2.15a) in comparison to microgels alone (n=12/group), 

which significantly improved at day 21 compared to both microgels alone and 

PBS (n=4/group).  The assessment of the necrosis (Figure 2.7) on the 

operated foot revealed, mice that received PBS alone suffered up to 60-70% 

moderate to severe necrosis over three weeks. Delivery microgels alone 

seemed to reduce limb gangrene or auto-amputation, this group showed 

second highest score where 20-40% of the mice suffered from mild to 

moderate necrosis. Quite remarkably, the mice that received ‘live microgels’ 

embedded with hMSCs showed complete limb salvage with no sign of 

necrosis, gangrene or auto-amputation over the three-week study.  

 

2.3.10 Evaluation of Angiogenesis and Inflammation 

Tissues were harvested and quantified for newly formed blood vessels and 

inflammation. (Figure 2.5a, b) It found that microgels delivered with hMSCs 

had increased capillary density (250±50capillaries/mm2) compared to PBS 

(150 ±100 capillaries/mm2) at day14. The capillaries significantly increased 

at day 21 in the microgel embedded cells group (250±20 capillaries/mm2) 

with no change in microgels alone (150±50 capillaries/mm2) and PBS 

(150±50 capillaries/mm2). CD31 (PECAM-1) staining for endothelial marker 

in the treatment groups (Figure 2.6b) further confirmed this observation. 
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Similarly, hMSCs embedded microgels induced formation of longer 

microvessels (500±25mm/mm3) compared to PBS (350±100mm/mm3) at day 

14 (Figure 2.15c). The angiogenic effect of the cell embedded microgel 

significantly increased at day 21 (500±20 capillaries/mm2) compared with 

both microgel alone (150±50 capillaries/mm2) and PBS (150±50 

capillaries/mm2). Significantly reduced radial diffusion was also observed in 

hMSCs embedded microgels (25µm±2) and microgels alone (28µm±4) 

compared to PBS (35µm±5) (Figure 2.15b). Analysis of inflammatory cell 

infiltrate showed significantly reduced volume of inflammatory cells (Figure 

2.5b) in the microgels with hMSCs group (0.008±0.003) compared to 

microgels alone (0.014±5) and PBS (0.015±4). 
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Figure 2.1: Optimal mesenchymal stem cell response on a microgel 

platform. (a) Schematic depicting fabrication of hMSC embedded 4S-

StarPEG crosslinked microgels. (b) Experimental design for testing 

microgels based on collagen concentration, cell density and crosslinker ratio 

on hMSC survival, proliferation, migration, construct size, phenotypic 

analysis and paracrine response. (c) Optimised microgel construct 2mg/ml 

and 0.8million/ml cell density cultured for four days, tested in a mouse model 

of hindlimb ischemia with a dose 30+/-5microgels for functional 

improvement and limb salvage. 
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Figure 2.2: Crosslinked microgel improves stability.	(a) Optimal 

crosslinking of microgels with 1:1 collagen to 4S-StarPEG molar ratio across 

all concentrations with 40% decrease in primary free amines. (b) Collagenase 

challenge test showed upto 70% degradation of 4S-StarPEG microgels and 

25% degradation of gluteraldehyde (GTA) crosslinked microgels over 24 

hrs  An asterisk (*) denotes statistical significance (p < 0.05, n=4).
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Figure 2.3: Microgel microenvironment supports cell survival and 

proliferation.	(a) High cell survival (Figure 2.9) and overall less than 5% cell 

population undergoing apoptosis, and only under 2% cells in 2mg ml-1 (red 

bars) and 3mg ml	 (blue bars). An asterisk (*) denotes significant differences 

between 2mg & 3mg; (#) denotes differences between 1mg and 2mg/3mg 

(n=3, p<0.05). (b) Low cell proliferation in environment up to 7% cells in S-

Phase compared to over 30% proliferating cells on tissue culture plastic. Flow 

cytometry analysis via Annexin V-FITC/PI staining was used to observe the 

induction of apoptosis with staurosporin treatment as positive control. 

Proliferation was quantified by 5-bromo-2- deoxyuridine pulse for   two hours 

followed anti-BrDu/PI staining (n=3, p<0.05).	 

a 
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Figure 2.4: Microgel microenvironment alters hMSC protein expression.	

a–c, Multiplex ELISA on proangiogenic cytokines (a) and protein expression 

of hMSCs on 1-3mg/ml microgel with 0.1million cells/ml cell density (b) 

0.4million cells/ml cell density (c) 0.8million cells/ml cell density, with high 

level of cytokine expression triggered by macromolecular concentration in 

2mg/ml over 96hrs (d) Pearson’s Correlation showing positive correlation 

between the secreted cytokines- Bivariate analysis controlled for 96 hour 

timepoint, p<0.05.Error bars represent standard deviation. An asterisk (*) 

denotes significant differences between 1mg & 2mg and 1mg& 3mg ; (#) 

denotes differences between 2mg & 3mg. Two-way ANOVA, p<0.05, n=2. 

Note* n=1 denotes pooled samples from two experiments (10 

microgels/experiment). 

c 

d 
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Figure 2.5: Optimised hMSC embedded microgel prevents tissue 

degeneration in ischemia. (a) H&E staining of muscle tissue with a sample 

size of four random sections every 50µm depth on four levels. (b) 

Histomorphometric assessment showing increased capillary density in the 

treatment group at day 14 and day 21 with early reduction in volume fraction 

of infiltrating cells at day 7. Error bars represent standard deviation. An 

asterisk (*) denotes significant differences between the treatment groups, 

Two-way ANOVA, n=4/group, p<0.05. Scale bars represent 200µm.  
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Figure 2.6: In vivo microgel retention and immunohistochemistry for 

capillaries. (a)Microgel retrieved from in vivo at day seven, positively 

stained for live cells (Calcien AM) and PkH26 (red). Scale bars represent 

50µm (b) Immunofluorescence staining for CD31 (PECAM-1) endothelial 

cell marker (green). 
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Figure 2.7: Optimised hMSC embedded microgel prevents tissue 

degeneration in ischemia. Clinical scoring for signs necrosis or tissue loss; 

In PBS group up to 70% animals showed signs of tissue loss with severe 

necrosis, microgels alone salvaged 50% of the animal, and hMSC embedded 

microgels showed no sign of necrosis or tissue loss. 
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Figure 2.8: Microgel on the fabrication platform and crosslinking mechanism 

with type-I collagen initiated by 4S-StarPEG. 
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Figure 2.9: Microgel environment supports high cell survival. (a-c) Cell 

viability is maintained over 80% in all collagen concentrations 1mg ml-1, 2mg 

ml-1 and 3mg ml-1 across 0.1, 0.4 and 0.8 million ml-1 cell densities analysed 

by flow cytometry. (n=3, p<0.05) (d) Bright field micrograph of a microgel 

(scale bar 500µm), Live/Dead™ Z-stack projection of a microgel (scale bar 

200µm).  
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Figure 2.10: Microgel concentration and cell density influence changes 

in construct size. (a) Bright field micrographs of microgels on the day of 

fabrication (left panel) and on day 8 (right panel) Scale bar 500µm (b) 

quantified data for the changes in construct size, greater shrinking observed 

in 1mg ml-1 microgels and 0.8million cell density (n=4, p<0.05). 
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Figure 2.11: Microgel environment retains hMSC phenotype in vitro. 

hMSCs extracted by collagenase digestion from microgels cultured in vitro, 

retain surface markers CD 105, CD73, CD90 and differentiate into all three 

lineages (n=4/per condition). Scale bar 50µm.  
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Figure 2.12: Higher cell retention due to crosslinking with 4S-StarPEG. 

Crosslinking with 4S-StarPEG improves cell retention in comparison with 

non- crosslinked (NC) gels (n=4, p<0.05).  
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Figure 2.13: Microgel construct remodeling triggered by MMP1 activity. 

MMP-1 expression (as measured by ELISA) of hMSCs on microgels of 1, 

2,3mg/ml and 0.8million cells/ml with stable expression after 48 hrs. Two-

way ANOVA, (n=3, p<0.05).  
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Figure 2.14: Higher HIF-1α expression in microgel constructs. Total HIF 

-1α cell signalling assay showing significantly high HIF-1α signal in 2mg/ml 

at 96 hrs. Protein levels expressed are normalised to expression by cells on 

tissue culture plastic. An asterisk (*) denotes statistical significance, Two-

way ANOVA, p<0.05, n=2. Note n=1 denotes pooled samples from two 

experiments (10 microgels/experiment).  
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Figure 2.15: Improved ambulation and enhanced vascularisation with 

delivery of hMSC embedded microgels. (a) Ambulatory improvement 

measured using scoring system with positive improvement shown by plantar 

flexion in the ischemic limb with flexion of toes to resist traction on tail and 

reduced plantar flexion or dragging indicating ambulatory impairment. 

Significant improvement in ambulation observed between microgels with 

hMSCs (green bar) and control microgels alone (blue bar) day 7 and day 21 

(b) Stereology analysis showed higher capillary radial diffusion distance in 

the controls compared to microgels with cells (c) Length (Lv) of the 

microvessels in the volume of tissue was higher in microgels with cells group 

compared to controls at day14 and day21. An asterisk (*) denotes significant 

differences between the treatment groups. Two-way ANOVA (n=4/group, 

p<0.05).  
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2.4 Discussion  

A number of recent cell delivery or cell-responsive platforms investigated 

follow a unidirectional biomimetic design to offer alternatives or to 

incrementally improve pre-existing forms of the material. However, the 

central paradigm in tissue repair exists within the complex cell-matrix 

interactions in a bioinstructive framework of extracellular building blocks. 

The hMSC embedded in a spherical shape controlled type-I collagen microgel 

introduced here goes beyond the domain of cytoprotection of hMSCs and 

reparative bioinstructive signalling in the local microenvironment by 

modulating the ‘angiocrine’ responses (of embedded hMSCs) without genetic 

manipulation or pre-conditioning.  

Atelocollagen type-I used to fabricate microgels is a highly abundant protein 

in the natural extracellular environment8 and is of particular interest in the 

area of soft tissue repair33 due to its biophysical properties. Changes in 

collagen concentration alter the ligand density and protease sensitivity of the 

microgels. Using a systematic study design, the concentration of collagen and 

different cell densities using optimal 1:1 collagen to 4S-StarPEG crosslinking 

were altered. In vitro, crosslinking ECM-based hydrogels, chemically and 

physically affects the matrix architecture and porosity, which enable 

encapsulated cells to spatially reorganise morphologically, influencing cell 

behaviour. Others have used photochemical means of crosslinking which may 

offer spatio-temporal control11,34, but free radicals created during the reaction 

may influence cell viability. PEG-based chemical crosslinker provides high 

mechanical and controlled degradation properties35. It was observed that 

slower degradation of 4S-StarPEG crosslinked microgels was dependent on 

the collagen concentration under controlled conditions.  

Viability testing of the hMSCs on the microgel platform revealed over 80% 

cells survival, with an overall low cell proliferation. This observation has 

biological relevance, where lower proliferative rate within this ECM 

microenvironment highlights controlled self-renewal of hMSCs similar to 

their natural extracellular milieu36. Degradation or remodeling of the 

extracellular matrix is often mediated by cell secreted MMPs. After an injury, 

MMPs also plays an important role in endothelial cell recruitment, 

organization, mobilization of matrix bound growth factors and hence, 
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angiogenesis37-39. In the current study, several matrix associated MMPs were 

investigated to determine its role in microgel shrinkage over time, it was 

found that MMP-1 was directly responsible for the microgel shrinkage over 

time as a function of collagen concentration and cell seeding density. 

Constant expression of MMP-1 after 48 hrs may be attributed to the 

morphological stability of the cells by maintaining the equilibrium of focal 

contacts between cell and the matrix over focalised proteolysis40.  

Mesenchymal stem cells in the bone marrow are encapsulated in the 

surrounding ECM, and changes to the surrounding macromolecular 

concentration alters the cell-ECM interactions, which can profoundly 

influence cell behavior and its secretome41,42. With an effort to recapitulate 

an optimised mesenchymal stem cell niche, the influence on the cellular 

paracrine secretome was studied within a confined spherical microgel 

construct, by varying the collagen concentration and cell density. Significant 

differences were observed between the levels pro-angiogenic factors secreted 

by the cells embedded in different conditions for as early as 24 hrs. Notably, 

the levels of cytokines such as SDF-1α, ANG-1, ANG-2, VEGF, IL-6 and 

IL8 peaked at 96 hrs. With low or undetectable levels of the pro-inflammatory 

cytokines like TNFα, IL-12, IL-1β, IFN-γ, the consistent paracrine profile, 

noticeably in 2mg ml-1 and 0.8million cell density, suggested pre-

conditioning or priming of hMSCs towards an angiogenic phenotype43.  

Correlation analysis also showed a strong positive association between the 

secreted pro-angiogeneic cytokines. Hypoxia is known to be a key regulator 

of angiogenesis via transcriptional upregulation of cytokines44,45. The results 

also indicate significantly higher levels of intracellular HIF-1α measured in 

the 2mg ml-1 compared to 1mg ml-1 and 3mg ml-1 microgels. A differential 

oxygen gradient created within the microgel environment over time may be 

responsible for upregulation of angiogenic cytokines46-48. This was quite 

interesting, as it was possible to modulate cell behaviour in terms of its 

‘angiocrine’ response by changing the local macromolecular concentration 

on a shape controlled collagen microgel platform. In addition, this functional 

contiguity with increasing cell density, which contributes to the cell mediated 

MMP proteolysis of collagen that bind many growth factors released 

spatiotemporally during matrix remodelling by the invading cells during 
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tissue repair  was observed49-51. Based on the overall cytokine analysis, 96 hrs 

was chosen to be an optimal time-point for in vivo delivery of microgels.  

To test the in vivo therapeutic efficacy, a limited dose of 30±5 microgels of 

2mg ml-1 collagen concentration with an overall approximate cell density of 

50000 cells was injected in an in vivo hindlimb ischemia mouse model. A 

significant functional improvement was observed in overcoming ischemia 

with maintenance of muscle mass and prevention of tissue necrosis or auto-

amputation of the foot. The evidence of tissue re-perfusion and neo-

angiogenesis was established by histomorphometric analysis of the muscle, 

showing significant increase in blood vessels with early reduction in 

inflammation in the animals that received hMSC embedded microgels.  

Together, these results indicate the utility of cell-laden microgels that can be 

used for regeneration of soft tissues at a dose 20 times lower than current cell 

dose delivered without any immobilisation on biomaterial. Therefore, these 

cellular constructs can be exploited to deliver stem cells locally at a low 

density and higher therapeutic yield, by manipulation of matrix embedding 

composition to favour modulation of paracrine responses for vascular repair 

and soft tissue regeneration.  
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2.5 Conclusions 

In summary, these experiments demonstrate that tunability can be achieved 

using a shape-controlled type-I collagen microgel platform for modulating 

hMSC responses. In addition to higher cell survival and  retention, expression 

of strongly correlated  pro-angiogenic cytokines SDF-1α, ANG-1, ANG-2, 

VEGF, HIF-1a and IL8 were modulated as a function of the macromolecular 

concentration. Interestingly, these changes did not alter the phenotype of the 

embedded mesenchymal stem cells. As summarised in Figure 2.1c, the most 

optimal microgel 2mg ml-1 observed to induce higher and consistent 

production of angiogenic factors in vitro were tested for thereapeutic efficacy 

in a pilot in vivo study.  

The method of fabricating collagen microgels described, offer the level of gel 

control that can be applied to ECM molecules, based on the knowledge of 

natural macromolecular environment of the target cell type. It is envisioned 

that this cell delivery platform will foster a new possibility and a paradigm 

shift in designing highly customised cell matrices using diverse naturally 

occurring ECMs. This could be used as a tool to dissect the mechanisms by 

which naturally occurring ECM manipulation alters cellular response locally 

for specific cell function in tissue engineering applications.  
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3.1 Introduction 

Critical limb ischemia (CLI) is a severe manifestation of peripheral arterial 

disease (PAD). In CLI, narrowing and hardening of plaque-ridden arteries 

leads to progressive deterioration in blood flow to the limbs.  Furthermore, 

age-related complications and other factors such as diabetes mellitus, 

smoking, hypercholesterolemia and sedentary lifestyle presents a clinical 

pathology with complex comorbidities and a high risk of mortality1-3. In pre-

clinical model, creation of a vascular occlusion has been considered the most 

feasible approach, either by surgical interruption or mechanical obstruction4. 

However, in smaller animals such as mice, post-surgical recovery from the 

ischemic insult results in variable outcomes in terms of reperfusion, 

ambulatory function and degree of necrosis. In addition to age-related factors 

and the immunological status of the animal, strain-specific resilience can be 

correlated with pre-existing baseline collateral density and strain-specific 

collateral remodeling5-8. 

For pre-clinical testing of human cells, cell-based products or biomaterials, 

immuno-compromised murine models are generally preferred due to their 

inability to generate T cell mediated responses9-11. Recently however, it has 

been shown that, T lymphocytes play both a direct12 and indirect role in 

vascular regeneration13. Rapid vasodilation and collaterilisation that occurs 

in mice as a result of ischemia, makes it difficult to test therapies designed to 

improve collateralisation. Also, the acute induction of ischemia and variable 

levels of inflammation and tissue necrosis influence the assessment of 

therapeutic efficacy in the absence of this pro-inflammatory mileu, as would 

exist in humans with more chronic development of ischemia.  

Differential recovery based on surgical variation in creating a  ischemia 

model in C57BL/6 mice has been reported previously14. Many studies have 

also shown strain-based differences between immunocompetent C57BL/6 

and Balb/C background mice, suggesting higher and faster recovery of 

C57BL/6 compared to Balb/C owing to genetic heterogeneity that favors 

faster collateralisation15. To generate a stable model of ischemia, several 

surgical techniques are used, which includes the ligation of iliac artery, 

femoral artery, femoral artery and vein ligation or a combination with 

multiple ligation sites. These variations have an impact on the evaluation of 
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an arteriogenic or angiogeneic responses to the treatment16,17. In addition to 

the surgical variation, the immune status of the animal also influences the 

extent of reperfusion via effector cells of the immune system, which 

modulates regenerative processes18. An overview of commonly performed 

surgical procedures used in creating ischemia in nude mouse models from 

different backgrounds, and differences in recovery and restoration of blood 

flow are presented in Table 3.1. The overall hypothesis of the study was that 

the spontaneous endogenous re-perfusion in an immunocompromised model 

after ischemia can be delayed with double ligation of the femoral artery. The 

main objectives of the study are to assess the extent and pattern of ischemic 

reperfusion in athymic and Balb/C nude mouse models subjected to single 

and double ligation and, secondly, to compare the extent and pattern of 

recovery in most commonly used single ligation Balb/C nude models with 

respect to ischemic reperfusion, clinical signs of severity and changes in 

capillary density. 
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Table 3.1 Summary of immunocompromised mouse models of ischemia. 

Abbreviations: IA, Iliac artery; FA, Femoral artery; FAV, Femoral artery 

and vein. Superscript E, excision; L, ligated  
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3.2 Materials and Methods 

3.2.1  Animal Care 

All the animal treatments and experimental procedures were approved by the 

institutional Ethics Committee and were conducted in compliance with 

European Union Directive 2010/63/EU and S.I No. 543 of 2012. The work 

was carried out under the project licence (AE19125/P012) and individual 

authorisation (I031) issued by the Irish Health Products Regulatory Authority 

(HPRA). The experimental procedures and methods were performed in 

accordance with the approved guidelines for animal research of the National 

University of Ireland Galway. 

Balb/C and athymic nude mice weighing 18-20g, 8-10 weeks old, were 

obtained from Harlan, UK. Both Balb/C and athymic nude mice are generated 

as a result of an autosomal recessive mutation in Foxn1nu allele on 

chromosome 11. However, Balb/C nudes were inbred, whereas athymic 

nudes were maintained as an outbred, not associated with any stock or strain. 

The animals were housed individually after surgery in a clean and sterile 

environment with irradiated bedding, food and sterile water ad libitum. Mice 

were anesthetized by intraperitoneal administration of ketamine (80 mg/kg) 

and xylazine (10 mg/kg). After surgical induction of ischemia, the incision 

was sutured with 5-0 Ethilon® sutures. All surgeries were performed on the 

left leg and the right leg served as an internal control. The animals were given 

analgesic of 0.05mg/kg buprenorphine prior to recovery from anaesthesia. 

 

3.2.2  Hindlimb Ischemia Model 

Femoral artery ligation model (FA) 

Single ligation (FAsingle) - Femoral artery was ligated at the proximal region 

just under the inguinal ligament and distally above the profunda femoris 

branch. A cut was then made between the ligation sites.  

Double ligation (FAdouble)- For this procedure, two separate skin incisions 

were made; one around the groin area, followed by a single ligation as 

described above. The second incision was made above the knee, exposing the 

superficial femoral artery and vein. The artery was then separated from the 

vein and a ligation was placed before the saphenous-popliteal bifurcation. 

Iliac artery ligation model (IA) 
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Following sterile disinfection of the surgical site, a 1cm longitudinal skin 

incision was made in the groin region exposing the underlying artery and 

vein.  The iliac artery was accessed via the inguinal ligament, and the artery 

and vein were carefully separated from each other.  A ligation was placed 

proximal and distal to the external iliac artery with 6-0 silk suture, and the 

short segment between the ligation site was cut. 

Femoral artery and vein ligation model (FAV) 

A small incision was made in the groin region exposing the underlying artery 

and vein.  Both femoral artery and vein were jointly ligated and cut above the 

profunda femoris, interrupting the arterial blood flow and venous return in 

the limb. 

 

3.2.3 Laser Doppler Blood Perfusion Imaging 

Laser Doppler scanning (Perimed, Sweden) was performed immediately pre- 

and post-operatively, and at day 7, day 14 and day 21 to record perfusion. 

Due to lack of hair, these animals are very sensitive to temperature changes. 

Hence, a bespoke jacketed heated water-circulating vessel was used to hold 

the anesthetized animal at 37°C prior to scanning. Perfusion changes were 

recorded and quantified from the plantar region of the foot. Blood flow was 

expressed as a ratio of ischemic left leg to non-ischemic right leg. 

 

3.2.4 Functional Scoring 

Functional recovery post-ischemic induction was semi-quantitatively 

examined by assessment of plantar/dorsi flexion (upward and downward 

movement of ankle during walking). This was assessed using a grading scale 

based on the different observed stages of limb use in the post-ischemic 

recovery period. A score of ‘0’ was indicative of good plantar flexion with 

flexion of toes to resist traction on the tail similar to the non-operated limb. 

Ambulatory score of ‘1’ was indicative of good plantar flexion but no flexion 

of toes. A score of ‘2’ was indicative of no plantar flexion and no dragging 

and ‘3’ was given to animals that dragged the operated foot with no poor or 

no control. 
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3.2.5 Necrosis Scoring 

Clinical signs manifested due to poor or occluded blood flow to the limb was 

semi-quantitatively assessed by gross examination of the degree of necrosis 

on the left limb.  A five-point scale was used to assess the severity of the 

induced ischemia. 0= normal/ no necrosis, 1= mild redness/swelling or 

cyanosis of the of the toe tips, 2= mild necrosis of the toes and/or deep 

cyanosis of the toes, 3= necrosis of toes (2 or more) 4= auto-amputation of 

toes and/or foot.  

 

3.2.6 Intravital Fluorescence Microscopy (IVFM) 

Under Xylazine/Ketamine (10 mg/kg/100 mg/kg) anaesthesia, both 

hindlimbs were prepared for IVFM. Briefly, the gastrocnemius and 

quadriceps muscles were exposed by removal of skin and fat covering the 

muscles. The exposed surface was covered with damp gauze to prevent 

desiccation until examination.  

IVFM was performed using a Zeiss Axiotech 100 HD microscope (Carl Zeiss 

Inc., Gottingen, Germany) as previously described48. The surface being 

examined was covered with a glass cover slip and super-fused with warmed 

saline. The remaining area of exposed muscle was covered with damp gauze. 

The stage was adjusted and the foot manipulated so the surface to be 

examined was horizontal to the microscope. The muscle was epi-illuminated 

with blue light using an HBO-100W mercury lamp (Carl Zeiss Inc.) The 

image from the microscope was recorded on videotape by a high-resolution 

video recorder (Panasonic, Model No. AG-7355; Osaka, Japan) via a low 

light, charge-coupled device (CCD) camera (Kappa-CF 8/1 FMC, 

Messtechnik GmbH; Gleichen, Germany). The image from the microscope 

was displayed on a TV monitor (Sony, PVM-20 M7 MDE; Tokyo, Japan). A 

video timer was superimposed on the TV monitor to allow for off-line, frame-

by-frame analysis of video-recorded images (VTG-33, FOR-A Ltd; Tokyo, 

Japan). Two regions of interest were selected in the gastrocnemius and 

quadriceps, both in the surgical and non-surgical limb. Representative video 

stills captured as microscopic images, a set of eight images were analysed per 

limb per animal using Image J software (NIH, Bethesda, MD, USA). Blood 

flow was visualised using 150 kD FITC-dextran (Sigma, Ireland) injected into 
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the tail vein.  Visualisation of FITC-dextran was achieved with the blue filter 

(450-490 nm/520 nm excitation/emission wavelength). All regions of interest 

were examined in the treatment leg before moving to the untreated leg.  

 

3.2.7 Immunohistochemistry  

Muscle tissues were harvested after sacrificing the animals. Samples were 

carefully dissected before fixing in 4% paraformaldehyde. The samples were 

snap frozen and embedded in Optimal Cutting Temperature compound 

(TISSUE-TEK®; Sakura Finetek USA. Inc.). Blocks were cut into sections of 

5µm thickness. Three sections were cut from each block from three different 

depths with 100µm intervals.  Tissue sections were gently dipped in distilled 

water to remove OCT, followed by antigen retrieval using 1X proteinase K 

solution in TE buffer (50 mM Tris Base, 1 mM EDTA, pH 8.0) at 37°C for 

15 minutes. Following antigen retrieval step, tissue sections were rinsed twice 

in distilled water and blocked with 5% normal goat serum. The primary 

antibodies, polyclonal rabbit anti-CD31 (Abcam, Dublin, Ireland), for 

endothelial marker and monoclonal mouse anti-CD68 (Abcam, Dublin, 

Ireland), for macrophages, were incubated with tissue sections at 1:300 

dilution overnight at 4°C. Secondary goat anti-rabbit IgG Alexa Fluor® 488 

(1:500 in 1X PBS, Invitrogen, Ireland) and goat anti-mouse IgG Alexa Fluor® 

555 (1:500 in 1X PBS, Invitrogen, Ireland) was applied for one hour at room 

temperature, followed by DAPI as a counterstain. For identification of blood 

vessels and inflammatory cells, images were taken at 200X magnification 

using an Olympus IX81 inverted fluorescence microscope. 

 

3.2.8 Histomorphometry 

Histomorphometric quantification of the blood vessels and infiltration of 

inflammatory cells were performed using stereology49	 for a systematic 

random sampling strategy. For quantification, three images per sample per 

animal were analysed for three sections. The fields were captured at 200X 

magnification. A grid mask with squares of defined dimensions were placed 

on the stained sections using Image Pro® Plus software. Quantified 

parameters were length density of CD31+ cells and the number of CD68+ 

cells. For angiogenesis, the points where the squares on the grid intersected 
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blood vessels are numbered on the section. The total length of blood vessels 

in the muscle was calculated by multiplying length density (Lv) by the total 

area. Inflammatory cells were counted based on CD68+ cells and expressed 

as count per mm2. The histomorphometric analysis was performed using 

Image Pro® Plus software (Media Cybernetics). 

 

3.2.9 Microcirculatory Parameters 

The microcirculatory parameters were assessed with captured image stills 

using ImageJ software (NIH, Bethesda, MD). Counts of blood vessel 

numerical density (number per unit area) measurements were performed 

using morphometric approaches50. Blood vessels were further categorised as 

less than or greater than 10µm based on the diameter, assuming cylindrical 

geometry. To evaluate vascular perfusion, functional capillary density (FCD) 

was analysed. FCD is the total length of capillaries with observable blood 

flow in a predefined field of interest49. All evaluations were performed in a 

blinded manner. 

 

3.2.10 Statistical Analyses 

All statistical analyses were performed using GraphPad Prism® 5 software 

and p values < 0.05 were considered statistically significantly. A two-way 

ANOVA was performed using Tukey’s post-hoc test to compare all groups. 

 

3.3 Results  

3.3.1 Immunocompromised Strain Response to Single and Double                      

Ligation-induced Ischemia 

In order to compare the endogenous recovery in  ischemia, two predominantly 

used strains athymic nude and Balb/C nude mice were chosen.  The animals 

were subjected to single ligation (Figure 3.1a) and double ligations (Figure 

3.1b) along the femoral artery. 

 

3.3.2 Double Ligation in Nude Mice Induces Ischemia with Predictable 

Clinical Signs of Necrosis 

The effect of double ligation procedure in both the strains were prominent at 

day three in comparison with the single ligation. At day three, the limb 
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perfusion increased rapidly in the Athymic FAsingle and Balb/C FAsingle to 

30±10% and 40±15% respectively. Whereas, Athymic FAdouble
 and Balb/C 

FAdouble
 showed no improvement from 20±5% as observed post-operatively. 

However, this trend changed at days 7 and 14, where Athymic FAdouble 

showed comparable perfusion with Athymic FAsingle group; 75±20% and 

Balb/C FAsingle and FAdouble at 50±10% (Figure 3.2a) . The most profound 

effects of double ligation were seen in the semi-quantitative clinical scoring 

for impairment in ambulation and signs of necrosis. Poor blood flow is 

generally correlated with a high clinical score for impaired limb function and 

severe necrosis. But contrary to the strain dependent blood flow recovery by 

laser doppler, the ischemic severity in the FAdouble group was significantly 

higher from the FAsingle in both the strains (Figure 3.2b), but only Balb/C 

FAdouble had necrosis (Figure 3.3a) and significantly poor plantar flexion 

(Figure 3.3b) compared to the other groups. 

 

3.3.3 Histomorphometric Assessment of Microvessel Length Density and 

Inflammatory Cell Infiltration in a Double Ligation Model 

To assess the formation of new blood vessels and the inflammatory response 

after surgical occlusion in a double ligation model, at day 14 muscle tissue 

were harvested, sectioned and stained with endothelial marker CD31 and 

macrophage marker CD68. Capillary length density (Figure 3.4a,c) in 

Athymic FAsingle (545.7±182.3 mm/mm2; mean ±SD) and Athymic FAdouble 

(486.9±149.5 mm/mm2; mean ±SD) were significantly higher than Balb/C 

FAdouble (310.6±115.2 mm/mm2; mean ±SD). Although, Balb/C FAsingle 

(436.6±149.5 mm/mm2; mean ±SD) showed higher capillary length density 

compared to Balb/C FAdouble, but the groups were not statistically significant. 

Further, higher numbers of CD 68 positive cells (Figure 3.4b,c) were found 

in the Balb/C double ligation model compared to athymic single and double 

ligation model. The numbers of CD68 positive cells were also significantly 

different between Balb/C single and athymic double ligation.  
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3.3.4 Evaluation of Single Ligation Procedures in Nude Mice to Create 

Mild Ischemia  

Based on the inferior recovery of Balb/C compared with athymic nude mice 

in the double ligation model, the applicability of using Balb/C nude mouse as 

a model of mild  ischemia was investigated. The restoration of perfusion post-

ischemic induction and severity in tissue necrosis were tested after iliac artery 

ligation (IA), femoral artery ligation (FA) and femoral artery-vein pair 

ligation (FAV) in these animals. Comparisons between the procedures were 

also quantified as a measure of functional capillary density (FCD) in the 

muscle using IVFM. Three weeks post-induction of HLI, the blood flow in 

the FA group was restored to 65±6%, which was significantly higher than the 

IA group 48±5% (Figure 3.5a). However, there was no significant difference 

observed between the both IA and FA versus FAV ligation 49±10%.  In terms 

of the clinical scoring for necrosis (Figure 3.5b) and impaired ambulation 

(Figure 3.6a), the FAV ligation group suffered the highest degree of necrosis, 

with 50% of animals in this group undergoing auto-amputation of digits 

(Figure 3.6b). Impairment in ambulation was seen to be highest in the FAV 

model, followed by IA and then FA, but no significant differences were 

observed. 

 

3.3.5 Histomorphometric Assessment of Microvessel Length Density and 

Inflammatory Cell Infiltration in a Single Ligation Model 

Microvessel length density and inflammatory response in a single ligation 

model was evaluated using immunofluorescence staining for CD31 and 

CD68. Capillary length density (Figure 3.7a, c) was observed to be 

significantly higher in IA (503.7±134.6 mm/mm2; mean ±SD) and FA 

(394.6±196.9 mm/mm2; mean ±SD) compared to FAV (260.2±161.1 

mm/mm2; mean ±SD). Additionally, the number of CD68 positive 

inflammatory cells (Figure 3.7b, c) was observed to be significantly higher 

in the FAV group compared to IA and FA. However, there was no significant 

difference observed between FA and IA with respect to the number of CD68 

positive cells.    
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3.3.6 Lower Functional Capillary Density as a Result of Artery-Vein 

Ligation 

Intra-vital fluorescence microscopic analysis (Figure 3.8a-d) was performed 

in the surgical limb against the contra-lateral, non-ischemic control limb 

between the groups to assess the functional capillary density (FCD), 

numerical capillary density with vessels greater or less than ten microns. The 

quadriceps and the gastrocnemius were chosen to quantify the capillary 

network in the muscle bed between surgical limb and the control limb. It was 

observed that arterial occlusion is associated over time with the development 

of microcapillary networks resulting from capillary-arteriole shunts (Figure 

3.8a). However higher functional capillary density in the iliac artery group 

was observed compared to femoral artery and artery-vein group, but 

significance was only observed between iliac artery (290±20 cm/cm2; ± SD) 

and artery-vein group (203±8 cm/cm2; ± SD) (Figure 3.8e). Blood flow in 

the surgical limb was also recorded for a comparison between all the three 

groups. The velocities of RBCs flowing through the capillaries appeared to 

be sluggish in femoral artery-vein ligation compared with the arterial 

occlusion group. A comparison between the surgical procedures revealed a 

significant difference in number of capillaries between the FAV group (26±5 

capillaries/mm2; mean ± SD) and the FA alone (40 ± 5 capillaries/mm2; mean 

± SD) in both the muscle groups (Figure 3.8f). It was also observed that 

induction of ischemia through arterial ligation alone resulted in increase in 

the number of vessels both >10µm and <10µm in diameter (Figure 3.8g). 

However, this trend was only significant for vessels <10µm between the 

arterial (FA and IA) and arterio-vein ligation, but not significantly different 

for vessels >10µm. 

 

 

 

 

 

 

 

 



Chapter 3
 

	 146	

 

 

 

 

 

 

 

Figure 3.1| Schematic diagram illustrating the artery-vein pair with 

ligation sites for inducing unilateral ischemia on the femoral artery (FA) 

of the left hindlimb. (a) Single ligation procedure- FAsingle (b) Double 

ligation procedure- FAdouble. 

 

 

 

 

 

 

 

 

 



Chapter 3
 

	 147	

 

 

 

 

 

Figure 3.2| Blood perfusion and functional assessment of single and 

double ligations in athymic and Balb/C nudes. (a) Blood flow comparison 

between the two strains show overall increased flow in the athymic compared 

to Balb/C (athymic n=10; n=5/procedure: 75±20%, vs Balb/C n=10; 

n=5/procedure: 50±10%; two-way ANOVA P<0.05). (b) double ligation in 

both Balb/C and athymic nudes showed significantly higher degree of 

necrosis; two-way ANOVA P<0.05). Means expressed as ± SD. 

 

 

 

 

a 

b 



Chapter 3
 

	 148	

 

 

 

Figure 3.3| Necrosis and functional assessment of single and double 

ligations in athymic and Balb/C nudes. (a) Perfusion and photographic 

images of the s at day 14 (left) surgery limb, (right) control limb showing 

differential necrosis as a consequence of single or double ligation. (b) 

similarly, decreased ambulatory function in the double ligation procedures 

compared to single, Balb/Cdouble showing significant greater impairment in 

ambulation; two-way ANOVA P<0.05).  

 

 

b 
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Figure 3.4| Immunofluorescence staining of muscle tissues for 

angiogenesis and inflammation. (a) Quantification of CD31 positive 

endothelial marker in muscle tissues revealed lower capillary length density 

in the Balb/C double ligation model compared to Balb/C single and athymic 

single and double ligation model (b) Quantification of Inflammatory cells 

showed higher CD68 positive cells in BalbC double ligation compared to 

other groups. (c) Representative immunofluorescence images of muscle 

tissues stained with CD31(green) and CD68 (red) antibody, counterstained 

with nuclear stain. Scale bar: 50µm.Statistical tests were carried out with two-

way ANOVA *P<0.05; n=15 images/group; means expressed as ± SD. 
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Figure 3.5| Comparison of blood perfusion and signs of necrosis between 

femoral, iliac and femoral artery-vein ligation models in Balb/C nudes. 

(a) Blood flow comparisons show significantly higher recovery in femoral 

artery compared to iliac artery (femoral artery, n=4: 65±6%; iliac artery, n=4: 

48±5%; femoral artery-vein, n=4, 49±10%; two-way ANOVA P<0.05). (b) 

femoral artery-vein group suffered severe necrosis, with mild necrosis 

observed in the femoral artery group and no necrosis in the iliac artery group 

at day 21. Means expressed as ± SD.  
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Figure 3.6| Ambulatory function and necrosis in femoral, iliac and 

femoral artery-vein ligation models in Balb/C nudes. (a) Femoral artery-

vein showed the highest impaired limb function, followed by iliac artery and 

femoral artery, but there was no significant difference observed (b) Perfusion 

and photographic images of the s at day 21 (left) surgery limb, (right) control 

limb showing differential necrosis response to different ligation points. 
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Figure 3.7| Immunofluorescence staining of muscle tissues for 

angiogenesis and inflammation. (a) Quantification of CD31 positive 

endothelial marker in muscle tissues revealed lower capillary length density 

in the femoral artery-vein ligation model (b) Quantification of Inflammatory 

cells showed higher CD68 positive Cells as a result of femoral artery-vein 

ligation compared to other groups.(c) Representative immunofluorescence 

images of muscle tissues stained with CD31(green) and CD68 (red) antibody, 

counterstained with nuclear stain. Scale bar: 50µm. Statistical tests were 

carried out with two-way ANOVA *P<0.05; n=15 images/group; Means 

expressed as ± SD. 
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Figure 3.8| Intravital microscopy visualisation of capillaries and 

arterioles (plasma-FITC dextran). (a) Endogenous formation of arterio-

capillary shunt leading to vascular normalization. (b),(c), (d) high density 

capillary network in the operated limb muscle at day 21. (e) Surgical limb had 

higher functional capillary density in the iliac artery group compared to 

femoral artery and significantly higher than femoral artery-vein group. No 

significant differences were measured in the control limb (n=4/group, ± SD 

with p<0.05). (f) Significantly higher capillary number in the surgical limb in 

the femoral artery ligation group compared to iliac artery and femoral artery-

vein measured in gastrocnemius and quadriceps muscles (n=4/group, ± SD 

with p<0.05) (g) Higher number of vessels <10µm in the femoral artery and 

iliac artery compared to femoral artery and vein, and no significant difference 

in the density of vessels >10µm between the groups (n=4/group, ± SD with 

p<0.05).  
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Figure 3.9| a) Schematic representation showing proportional relationship 

between perfusion and severity in an ischemia model. (b) Blood Flow 

comparison between treatment (hMSCs) and control (saline) in Balb/C nude 

double ligation model (n=6). Statistical tests were carried out with two-way 

ANOVA *p<0.05; n=6;Means expressed as ± SD. 
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3.4 Discussion  

Variability in Endogenous Recovery in Immunocompromised Models of  

Ischemia 

Many immunocompromised models of ischemia have already been reported 

in literature (Table 3.1). The extent of ischemia induced is generally 

dependent on the surgical procedure and the capacity of the animal to develop 

new blood vessels. Generally, ischemia is induced in one of the limbs with 

the contra-lateral limb serving as a control. Restoration of blood flow to the 

ischemic-limb post-surgical induction is assessed using laser doppler based 

perfusion imaging and then compared with the contra-lateral, non-ischemic 

limb. In previous studies, endogenous recovery of the animals in models was 

observed to be highly variable (Table 3.1). Total excision of the arterial 

segment is an extremely severe procedure, and results in early signs of tissue 

necrosis and increased trauma. Alternative models have illustrated angiogenic 

response using ligation along the external descending iliac artery at different 

positions proximal or distal to the inguinal ligament. Among the variations in 

surgical procedures performed for inducing ischemia, ligation or paired 

resection of artery and vein is least relevant, as clinically patients suffering 

from ischemia do not suffer from venous complications.  

In the current study, it was observed that, between the two most commonly 

used immunocompromised nude mouse models, athymic nude mice 

recovered better despite the induction of a mild or severe ischemia. The 

striking differences observed in the recovery between inbred Balb/C nude and 

outbred athymic nude could be potentially attributed to higher activation of 

monocytes in athymic nude mice that may have contributed to the recovery 

by promoting angiogenesis51-53. It was observed that higher limb reperfusion 

does not always necessarily correspond to a salvaged limb. Similarly, lower 

limb reperfusion is not always indicative of a necrotic or auto-amputated foot. 

Despite higher blood flow in the athymic animals that underwent single and 

double ligation, the two groups did not have similar clinical signs of necrosis 

or ambulatory impairment, in this case the later group exhibited more severe 

signs of ischemia. On the other hand, only Balb/C nude double ligation group 

showed poor blood flow and greater ischemic severity and impaired 

ambulation, whereas Balb/C nude single ligation group showed lower limb 
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reperfusion with mild necrosis and impairment in ambulation. Histological 

analysis revealed higher capillary density in athymic single and double 

ligation model compared to Balb/C double ligation, indicative of rapid blood 

vessel formation in the athymic strain. Balb/C double ligation group was also 

observed to have lower capillary density compared to Balb/C single ligation, 

but there was no statistical significance. Consistent with the observed 

ischemic severity based on tissue necrosis in Balb/C double ligation model, 

presence of higher numbers of CD68 positive inflammatory cells was also 

observed.  

To compare and confirm the observations of a double ligation, the 

implications of commonly used single IA, FA and a severe non-pathological 

FAV paired ligation was investigated. The data suggests FA ligation had 

significantly higher blood flow compared to IA. In the literature (Table 3.1), 

femoral artery ligation alone has resulted in perfusion recovery under 40% 

and Iliac artery ligation above 50%. Anatomically, ligation of the external 

iliac artery should result in greater ischemia in contrast to femoral artery 

alone, where collaterals can develop through medial thigh muscle, quadriceps 

femoris and biceps femoris muscles54. In the FAV group, a higher degree of 

tissue necrosis and impaired ambulation was observed compared to both IA 

and FA, but no significant difference was observed in limb perfusion to IA 

and FA, indicative of a poor correlation between the extent of necrosis and 

the blood flow. A possible explanation for this disparity could be due to the 

regular use of the limb by the animal despite the tissue loss; coupled with 

shear stress inducible factors55, that may contribute to vascular normalisation. 

However, occlusion of venous return appears to have advanced irreversible 

tissue damage. Histological analysis supported these observations, where 

lower capillary density and increased presence of inflammatory cells were 

observed in the FAV group. Hence, this as an inappropriate model for  

ischemia in contrast to the reported studies 22,26,27. 

IVFM analysis on the gastrocnemius and quadriceps revealed, a higher 

number of capillaries in the FA group, followed by IA and then the FAV 

model. In addition, a higher number of vessels >10µm were observed in the 

FA and IA group, consistent with the reduced necrosis and better ambulatory 

function in these animals.  Functional capillary density analysis revealed 
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higher functional capillaries in IA compared to FA and FAV, but significance 

was only observed between IA and FAV ligation group. Acute arterial 

occlusion leads to activation of an inflammatory angiogenic response to 

ischemia56, and in most models this results in accelerated endogenous 

recovery via capillary angiogenesis55. It was also observed that higher 

reperfusion recovery in these models could be contributed by an alternative 

arterio-capillary vascular ‘shunting’. In this case micro-capillaries in the 

muscle bed adjacent to the upstream occluded artery anastomoses with the 

arterial network downstream of the site of ligation. Immunocompromised 

animals with impaired inflammatory response have poor revascularization 

capacity, mimicking the pathology of the ischemic disease. Such models of 

ischemia do not recapitulate the pathophysiology of the human disease that 

occurs due to gradual atherosclerotic occlusions57. Although the objective of 

the study was to investigate the endogenous recovery, and identify optimal, 

slower recovering representative model that would aid in testing a potent 

angiogenic therapeutic.  

A limitation of the study is the lack of understanding of the mechanism that 

underpins the endogenous recovery process. As summarized (Table 3.1), the 

need for a reproducible immunocompromised model is addressed; wherein 

studies reported here using the same strain and identical procedures, show no 

consensus in the extent and temporal recovery profile in control animals 

without any therapeutic intervention. In addition, the study highlights the 

need for a relevant clinical endpoint in this model as a measure of low, mild 

or severe ischemic insult to the tissue, post-surgical induction (Figure 3.9). 

A validated model of peripheral arterial disease is essential for pre-clinical 

assessment of human cells or biomaterial based therapeutics19.  Previous 

studies have looked at the differences in the response to  ischemia created 

after transection of superficial epigastric and femoral artery in nude models; 

wherein the zygosity and variability in the genetic background of the animals 

have been reported as the cause of variable reperfusion15. Poor recovery due 

to ligation of femoral and iliac artery, compared to femoral artery alone in the 

NOD SCID mouse has also been reported14.  

Technical differences in surgical induction of ischemia have profound 

outcomes on the endogenous repair mechanisms. Vascular reperfusion after 
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complete arterial excision or segmentectomy is the most severe and traumatic 

method to create ischemia. In which case, only rapid angiogenesis can salvage 

or reverse the ischemia. And in the unlikely event of this occurring, the 

therapeutic window becomes limited to reverse the immediate tissue 

degeneration that follows post ischemic induction. Hence, a double ligation-

transection model described here could be used as an alternative. This 

represents a model of multiple arterial occlusions, which can be correlated to 

multiple arterial occlusions that occur due to the progressive vascular damage 

in patients who suffer from CLI. 

Taken together, the results indicate the perfusion recovery to ischemia is 

higher in athymic followed by Balb/C mice. Hence this illustrates Balb/C 

nude mouse can be considered useful to test xenogenic cell based products or 

biomaterials after induction of mild or severe ischemia, although a concurrent 

assessment of necrosis and ambulatory function is necessary. And from a 

regulatory point-of-view, intended cell-based product should be used for 

proof-of-concept studies in immuno-compromised animals for evaluation of 

persistence and functionality of the cells. The purpose of the study was to 

identify an optimal mouse model for testing new therapies. However, it is 

acknowledged that a perfect model that could reproduce or resemble 

ischemia-associated comorbidities in humans does not exist. However, it is 

known that patients suffering from this disease have poor collateral vessel 

growth due to slowly developing atherosclerotic lesions. Thus, a model which 

could mimic the diminished blood flow and development of clinical signs of 

ischemia, such as an immunocompromised animal can be essential in testing 

drugs that facilitate accelerated reperfusion through alternate mechanisms. 
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3.5 Conclusions 

Several different models have been created using an immunocompromised 

animal model for testing therapeutic efficacy. The variations observed in 

blood flow recovery observed maybe owing to the higher endogenous 

recovery capacity due to genetic heterogeneity or lack of technical 

reproducibility in animals with impaired immune system. The results from 

this study confirm that the spontaneous endogenous perfusion in an 

immunocompromised model can be delayed using a double ligation 

approach. The study demonstrates that Balb/C nude mice show a marked 

reduction in endogenous perfusion compared to athymic nude mice. In 

addition, the Balb/C mice manifest severe signs of necrosis and impairment 

in ambulation. The results also indicate that only mild to moderate ischemia 

is induced with single ligation models in Balb/C which is correlated with 

higher perfusion and milder signs of necrosis. Overall, it was concluded that 

with the use of severe or mild surgical procedures, the severity of ischemia 

can be controlled. Therefore, this model provides a unique opportunity to 

further evaluate therapeutic angiogenesis of human mesenchymal embedded 

microgels in an acute severe incidence of ischemia.   
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4.1 Introduction 

Mesenchymal stem cell (MSC) based therapy is considered as a promising 

alternative to the administration of growth factors or genes for inducing 

therapeutic angiogenesis. In the literature, a paracrine-centric mechanism via 

release of cytokines, chemokines and growth factors by MSCs and its role in 

high cell survival1, recruitment of endothelial progenitors2 and 

angiogenesis3,4 has been demonstrated5. Several tissue engineering 

technologies have exploited the paracrine property of MSCs via cell 

immobilisation strategies, aiming to use the cells as local drug delivery depots 

to secrete beneficial factors to induce reparative angiogenesis. The local 

environment where the cells are immobilised often dictates essential cues for 

growth and function6,7.  

Extracellular molecules or mimics used as cell immobilisation matrices 

enhance cell survival and direct differentiation guided by embedded spatio-

temporal cues. In the context of replicating the native cellular 

microenvironment, cells experience its microenvironment quite distinctly in 

three-dimensional (3D) scaffolds compared to two-dimension (2D). Cellular 

interactions in a 3D environment mediated via integrin ligands and growth 

factor signaling molecules leads to activation of intracellular signaling 

pathways and changes in gene regulation and expression8,9. Thus, most recent 

efforts have focussed on engineering hydrogels-based scaffolds composed of 

extracellular components to direct stem cell behaviour, attributable solely to 

the inherent bioinstructive properties of extracellular molecules. However, 

the influence of macromolecular density in the fourth-dimension (4D) on 

modulating stem cell behaviour has received less attention. Using type-I 

collagen as the extracellular matrix, here it is shown that how small changes 

in extracellular macromolecules affects matrix rigidity, alters intracellular 

organisation and modulation of integrin expression, achieving a unique cell 

phenotype due to the reciprocity between cells and the surrounding 

microenvironment.  

Based on the previous work in Chapter 2, in the current study the effects 

cell-matrix interactions is further explored to establish an understanding of 

the macromolecular concentration effect on the ‘angiocrine’-angiogenic 

paracrine phenotype of hMSCs. Further, this effect is tested as an alternative 
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cell-based therapeutic in inducing functional angiogenesis at a cell-dose that 

is twenty-fold lower than the standard dose in a pre-clinical rodent model of 

Critical Limb Ischemia (CLI). Cell dose is a key parameter for the clinical 

success of cell therapy, particularly in the case of bone marrow derived 

multipotent stem cell treatment for ‘no-option’ CLI patients. A significant 

reduction in cell-dose mitigates concerns regarding safety and reduces the 

costs for treating a large number of patients in the long-run. The overall 

hypothesis of the study was, in vivo therapeutic angiogenesis can be achieved 

with the delivery of hMSCs on a 3D type-I collagen microgel, used as a 

platform to prime hMSCs, as a function of altered ECM concentration. The 

specific objectives of the study were to investigate the degree of stiffness of 

the extracellular environment over 96 hrs pre-conditioning period. To 

monitor changes in cell morphology and integrin expression because of 

differences in macromolecular concentration, and finally, test the hMSC 

primed microgels in vivo for therapeutic angiogenesis in a severe hindlimb 

ischemia model.  

 

4.2 Materials and Methods 

4.2.1  Culture of Cells 

hMSC primary cells were isolated from fresh human bone marrow. Cells 

were isolated in the same media as used during the passaging, so the cells 

were never exposed to more than one type of serum. Non-adherent cells were 

removed after three days, after which the media were changed twice per week. 

Isolated cells were characterised based on the routine tri-lineage 

differentiation potential and the presence of cell surface markers using flow 

cytometry. hMSCs were cultured in complete medium (MEM alpha, 

GlutaMAX™ supplemented with 10% fetal bovine serum and 1% 

penicillin/streptomycin) and maintained at 37°C in a humidified atmosphere 

containing 5% CO2. 

 

4.2.2  Fabrication of Microgels 

Microgels were fabricated as described previously10 (Chapter 2). Briefly, 

bovine tendon derived type-I atelocollagen (1/2/3mg ml-1 final) was 

neutralised in sodium hydroxide 1M and phosphate buffer saline 10X. To 
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crosslink the microgels four-star poly(ethylene glycol) succinimidyl 

glutarate, Mw= 10,000 (4S-StarPEG) JenKem Technology U.S.A. (Allen, 

TX) was added in 1:1 molar ratios. Finally, hMSCs were added to the gel 

forming mixture at 0.8X106 cells ml-1. The forming gel solution was then 

micro-dispensed as 2 µL droplets on a hydrophobic surface (commercial 

Teflon® tape) to create a spherical shape and incubated for 40 mins at 37°C 

for stable crosslinking. Microgels were then transferred to 24-well plates 

containing hMSC media and incubated at 37°C and 5% CO2.  

 

4.2.3 Assessment of Cell Morphology  

Microgels were imaged for four days post-fabrication for changes in cell 

morphology. Microgels were briefly washed in PBS and incubated with 

10mM calcein AM (Fluka, Germany) for ten minutes. Samples were then 

imaged as Z-Stacks through 500-800µm on an AndorÔ Olympus Spinning 

Disk Microscope (Andor, Belfast, Northern Ireland), using AndorÔ IQ 

software, with an X 10 oil immersion objective lens. Green viable cells were 

visualised by excitation with the 488nm laser line. Sample images were 

obtained as Z-slices 5µm apart. Each Z-stack was analysed using the 

Volocity® 5.0 software (Perkin Elmer Inc., Waltham, USA). Cell morphology 

parameters such as shape factor index, surface area-to-volume ratio and 

longest cell axis distance were analysed. Datasets were analysed using 

defined algorithms to estimate a series of measurements related to the 

dynamic changes in cell morphology across three different planes (top, 

middle and bottom) of the microgels.  

 

4.2.4 Ultrastructure Analysis of Cellular Inclusions 

Microgels were fixed for four hrs at room temperature in 2.5% glutaraldehyde 

at pH 7.4, post-fixed in 1% osmium tetroxide in 0.2M sodium cacodylate 

buffer at pH 7.4 for one hr.  The microgels were dehydrated in a series of 

graded ethanols and infiltrated with a mixture of propylene oxide and epoxy 

resin (Agar Low Viscosity Resin kit, Agar Scientific, UK), and finally 

infiltrated with 100% resin on a rocker overnight.  The microgel embedded 

resin blocks were then cured in an oven at 65°C for 48 hrs. Ultrathin sections 
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were cut and transferred to standard transmission electron microscope (TEM) 

grids and contrasted with uranyl acetate before being viewed under TEM for 

imaging.   

TEM images of the cell embedded microgels were transformed to an 8-bit 

image (Fiji-ImageJ software)11. Subsequently, a classifier plugin was trained 

on the TEM micrographs using Trainable Weka Segmentation plugin, 

defining dark cellular inclusions and all other intracellular organelles 

(background). Total cell area and number of cellular inclusions were 

quantified using automated threshold of the respective probability map image 

and object counter analysis of Fiji/ImageJ with an average inclusion size less 

than 500µm2. 

 

4.2.5 Assessment of Changes in Microgel Modulus Seeded with hMSCs  

For measuring the Young’s modulus of the cell seeded microgels incubated 

for 24 or 96 hrs atomic force microscopy was utilised. All the measurements 

were performed with MFP-3D-BIO AFM (Asylum Research/Oxford 

Instruments, US) fitted on a Ti/E inverted microscope (Nikon, Japan) and run 

with Igor ProÔ 6.34A software (WaveMetrics, US) with Asylum Research 

plugin (ver. 120804+2209). Probes were prepared by fixing 10µm silica glass 

spheres (Windsor Scientific, UK) at the end of type B CSC38 tipless AFM 

cantilevers (Mikromasch, Bulgaria) with epoxy glue. Stiffness and sensitivity 

of the cantilevers were calibrated in air (Sader, non-contact method) and 

subsequently in PBS (contact method) to correct for changes in lever 

sensitivity. These values ranged between 62.25 and 83.25nm/V for sensitivity 

(in liquid), 64.7 and 73.15pN/nm for lever spring constant. 

Microgels suspended in PBS were deposited on a microscope glass slide and 

allowed to settle down for ten minutes. This sample preparation appeared to 

prevent the microgel from rolling during indentation; however, movement of 

the microgel or rolling of the spherical tip on the surface could lead to errors 

in quantification of the modulus. For each condition, namely microgels 

prepared with 1, 2 or 3mg ml-1 hydrogel which were not seeded or seeded 

with cells (following 24 or 96 hrs incubation and fixing with alcohol), 3-4 

microgels were chosen and 36-68 measurements performed per group (4-29 
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per microgel). Each measurement consisted of an indentation with constant 

loading force of 100pN, 3-5µm force distance and 1µm/s tip 

approach/retraction speed. Used force was optimised to avoid indentation 

depths greater than 3µm (30% of the silica sphere tip) on the softest sample.     

Resulting force-distance curves were analysed with MFP-3D-BIO AFM 

(Asylum Research/Oxford Instruments, US), where Hertz model was fitted to 

the extension part of each curve and sample Young’s modulus calculated 

according to the formula: 

!" =
1 − &'(
!'

+ 1 − &*(
!*

 

Ec – reduced modulus; ν, E – sample (S) or indenter (i) Poisson’s ratio and 

Youngs’s modulus respectively 

Indenter (silica sphere) modulus was assumed as 68.00GPa and its Poisson’s 

ratio as 0.19. Concerning the rubber-like properties of a swollen hydrogel, its 

Poisson’s ratio was set to 0.5 12. The whole curve length was used for fitting, 

except in the cases where good fit quality could only be achieved only by 

fitting only the contact portion. Fit quality was assessed with a reduced chi 

square value (χ2) calculated for each modulus and further used to obtain 

weighted average modulus for a given sample type. The closer χ2 was to 1, 

the better the fit. 

 

4.2.6 YAP/TAZ Localisation Analysis in hMSC Embedded in Microgels 

Microgels were fixed in 4% paraformaldehyde for 30 mins and permeabilised 

with 0.1% Triton X for two hours. Microgels were then incubated with 

YAP/TAZ primary antibody (1:250) in 2% goat serum overnight at 4C. 

Alexafluor® 488, Goat antimouse IgG (1:100) secondary antibody was 

incubated for one hour at room temperature in blocking buffer.  Following 

PBS washes, nuclei were counterstained with Hoechst (Life Technologies) 

for five minutes. Samples were then imaged as Z-Stacks on AndorÔ 

Olympus Spinning Disk Microscope (Andor, Belfast, Northern Ireland), 

using AndorÔ IQ software, with an X 20  or X 40 oil immersion objective 

lens. Pearson’s co-localisation coefficients were calculated in Volocity® 5.0 

software (Perkin Elmer Inc., Waltham)13. 
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4.2.7 Microgel RNA Extraction and ECM and Adhesion Molecule PCR 

Arrays  

For in vitro experiments, total RNA from the microgels at 24 and 96 hrs 

timepoints were preserved in TRI® reagent (Sigma-Aldrich) followed by 

extraction using RNAeasy® Microkit (Qiagen GmbH, Germany). All RNA 

samples were treated with DNase to remove contaminating genomic DNA. 

RNA quality was assessed using the AgilentÒ 2100 BioanalyzerÔ (Agilent 

Technologies, CA) and samples with RNA Intergrity Number (RIN) >7 were 

used for downstream cDNA conversion with RT2 first-strand kit (Qiagen 

GmbH, Germany) according to manufacturer’s protocol. Eighty-four gene 

targets were analysed on human ECM and adhesion molecules RT2 profiler 

PCR array (PAHS-013Z, SaBiosciences Corp., USA) for 1, 2 and 3mg/ml 

cell embedded microgels at two time-points; n=3 per sample; with n=1 pooled 

20-25 microgels from a single experiment. 

 

4.2.8 Severe Model of Hindlimb Ischemia  

All the animal treatments and experimental procedures were approved by the 

institutional Ethics Committee and were conducted in compliance with 

European Union Directive 2010/63/EU and S.I No. 543 of 2012. The work 

was carried out under the project licence (AE19125/P012) and individual 

authorisation (I031) issued by the Irish Health Products Regulatory Authority 

(HPRA). A recently developed double ligation hindlimb ischemia nude 

mouse model (Chapter 3) was used to test the therapeutic efficacy of the 

optimised 2mg ml-1 and 0.8 million cells microgel construct. The mice were 

anesthetized with intra-peritoneal injections of xylazine (10 mg⁄kg) and 

ketamine (80 mg⁄kg). For hindlimb ischemia induction, two separate skin 

incisions were made; one around the groin area and the other above the knee. 

The artery was then carefully separated from the vein and a ligation was 

placed before the profunda femoris. This was followed by a second ligation 

placed before the saphenous–popliteal bifurcation branch. A cut was then 

made between the ligation sites interrupting the blood flow to the limb. Mice 

were divided into treatment groups (n=12/group) hMSC embedded microgels 
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(30±5, 1600 cells/microgel), 5x104 cells (low-cell density; approximately the 

same number of cells embedded in microgels), 1x106 cells (high-cell density), 

microgels alone and saline were implanted or injected at the proximal artery 

ligation site after surgical induction. The incision was then sutured closed and 

the animals were given analgesic of 0.05mg/kg buprenorphine prior to 

recovery from anaesthesia. Laser Doppler measurement was acquired weekly 

along with the assessment for improvement in ambulation and signs of 

necrosis or auto-amputation.  

 

4.2.9 Assessment of Ambulation and Necrosis 

The efficacy of the treatment was evaluated semi-quantitatively by gross 

examination of the foot. Limb condition was classified into several levels of 

severity and scored based on signs of necrosis and the extent of plantar flexion 

or dragging observed on the operated foot while walking14 (Chapter 2). A 

point-based scale was devised to quantify the extent of necrosis in the limb 

with 0=blue correlated with no necrosis to 5=black indicative of severe 

necrosis. Similarly, ambulatory impairment was graded between 0 and 3, 

where 0 refers to normal ambulatory function similar to the non-operated foot 

and 3 indicates poor ambulation manifested by dragging of the foot. Two 

blinded independent scorers carried out the scoring every week for three 

weeks. 

 

4.2.10 Histology and Immunohistochemistry 

Three weeks after the treatment mice were sacrificed for tissue harvest. 

Hindlimb gastrocnemius and lower quadriceps muscles were carefully 

dissected and weighed before fixing in 4% PFA for 48 hrs. The samples were 

then rinsed with PBS before snap freezing followed by embedding in Optimal 

Cutting Temperature (OCT) compound (TISSUE-TEK®; Sakura Finetek 

USA. Inc.). Cryosections were taken at a thickness of 5µm from three 

different depths at 100µm intervals using a Leica CM1850 cryostat (Leica 

Microsystems, Germany) set at -22°C. The samples were stained with 

hematoxylin and eosin (H&E). For immunofluorescence, cryosections were 

treated with 1X proteinase K solution and incubated at 37°C for 20 mins for 
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antigen retrieval. The tissue sections were blocked with 1% BSA for two hrs 

to avoid non-specific binding. Anti-mouse polyclonal primary antibody 

specific for CD31/PECAM-1 (Abcam, Ireland) endothelial marker or CD68 

(Abcam, Ireland) macrophage marker were incubated overnight at 4°C. 

Secondary antibody labelled with AlexaFluor® 488 or  AlexaFluor® 594 

(1:500, Invitrogen, Ireland) was applied for one hr at room temperature, 

followed by nuclear counter staining using Hoechst dye (Life Technologies). 

 

4.2.11 Histomorphometry 

Histomorphometric analysis is typically performed to quantify tissue 

responses to injectable or implantable therapeutics. It allows assessment of 

angiogenesis in vascular beds and infiltration of inflammatory cells15. 

Quantification of the blood vessels and infiltration of inflammatory cells were 

performed using a systematic random sampling strategy as previously 

described 16 (Chapter 2). For quantification, twenty images per sample per 

animal were analysed across four levels separated by 50µm. The fields were 

captured at 20X magnification. A grid mask with squares of defined 

dimensions was placed on the histology sections using Image Pro® Plus 

software. Quantified parameters were capillary density, length density, radial 

diffusion and the volume fraction of infiltrating inflammatory cells.  

Capillary Density and Radial Diffusion 

For angiogenesis, the points where the squares on the grid intersected blood 

vessels are numbered on the section. The surface capillary density of blood 

vessels was calculated using the intersected blood vessels multiplied by the 

area of the square. The total length of blood vessels in the muscle was 

calculated by multiplying length density (Lv) by volume of the muscle. Radial 

diffusion was calculated using the formula (1/SQRT(Lv*PI)*1000, which is 

the distance between blood vessels and is an indicator of the capillary network 

in the vascular bed (Appendix V). The shorter the distance between blood 

vessels, the smaller the distance required for nutrients to diffuse into 

surrounding tissues.  

Volume Fraction of Inflammatory Cells 
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The volume fraction of infiltrating inflammatory cells was also evaluated. 

Inflammatory cells were counted and these cells included lymphocytes and 

neutrophils. The volume fraction was determined with a 1938 points grid 

using Image Pro® Plus software (Media Cybernetics) (Appendix W). 

Neutrophils were identified as small dense circular multi-lobed cells and 

lymphocytes as small round dense cells with large nuclei. 

 

4.2.12 Multiplex Cytokine Analysis 

Microdissected hindlimb muscle tissues were pooled into groups of three 

biological replicates (n=3) per treatment group and stored at -80°C in lysis 

buffer (Triton 1%, NaCl 0.1M, Tris HCl, pH 7.4) containing a cocktail of 

protease inhibitors. Tissues were homogenised using TissueLyser LT 

(Qiagen) for 30 mins at 50Hz with intermittent cooling every ten minutes. 

Samples were centrifuged at 13000 RPM for fifteen minutes. Total protein in 

the supernatant was quantified using BCA protein assay (Pierce and 

Warriner) and the total concentration across all the samples was normalised. 

Tissue lysates were analysed for 24 analytes (Angiopoietin-2, G-CSF, sFasL, 

sAlk-1, Amphiregulin, Leptin, IL-1b, Betacellulin, EGF, IL-6, Endoglin, 

Endothelin-1, FGF-2, Follistatin, HGF, PECAM-1, IL-17, PLGF-2, KC, 

MCP-1, Prolactin, MIP-1α, SDF-1, VEGF-C, VEGF-D, VEGF-A, and 

TNFα.) using MILLIPLEX® MAP mouse angiogenesis magnetic bead-based 

assay (EMD Millipore). The assays were read on a calibrated Bio-Plex® 200 

System. Using Bio-Plex® manager, the optimised standard curves were used 

to calculate the concentration of analytes. Measurements that showed a 

coefficient of variability of <20% were included in the analysis.  

 

4.2.13 Tissue RNA Extraction and Mouse Endothelial PCR Arrays 

RNA from muscle tissues was stored in RNAlater® (Thermo Fisher Scientific, 

UK) and extracted using RNAeasy® Microarray Tissue mini kit (Qiagen 

GmbH, Germany). Tissues were homogenised using TissueLyser 

LT(Qiagen) for 20 mins at 50Hz. Extracted RNA samples were treated with 

DNase to remove contaminating genomic DNA. RNA quality was assessed 

using the Agilent 2100 Bioanalyzer (Agilent Technologies, CA) and samples 
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with RNA Intergrity Number (RIN) RIN >7 were used for downstream cDNA 

conversion with RT2 first-strand kit (Qiagen GmbH, Germany) according to 

the manufacturer’s protocol. Eighty-four gene targets were analysed on a 

Mouse Endothelial Cell Biology RT2 profiler PCR array (PAMM-015Z, 

SaBiosciences Corp., USA).  Statistical analysis of relative gene expression 

results in real-time PCR was performed using REST© software tool17. Briefly, 

Pair-Wise Fixed Reallocation Randomization Test was used to determine 

significant differences between the treatment and the control groups 

(n=3/treatment group; n=1 pooled tissue samples from four animals). A p-

value less than 0.05 was considered to be significant. 

 

4.2.14 Ingenuity Pathway Analysis 

The genes for in vitro and in vivo PCR-arrays were uploaded to Ingenuity 

Pathway Analysis (IPA) software. Pathway analysis was performed from 

information contained in the IPA knowledge base (IPKB). The database was 

limited to human, mouse and rat species. For network analysis, IPA computed 

a score (p-score=-log10(p-value)) according to the fit of the set of supplied 

genes and a list of biological functions in IPA. The score considers the 

number of genes in the network and the size of the network to approximate 

how relevant this network is to the original list of genes and allows the 

networks to be prioritized for further studies. A z score ≥2 (or ≤−2) (p<0.05) 

was considered significantly activated or inhibited.  

 

4.2.15 Tissue Sample Processing and MALDI Mass Spectrometry 

Imaging for N-Glycans 

Unfixed muscle tissue samples from the upper gastrocnemius were stored at 

-80°C for mass spectrometry imaging (MSI) and MALDI-TOF analysis after 

in-solution glycan release. For MSI experiments and H&E staining, 

consecutive cryosections of 15µm in OCT were cut using Leica CM3050 

(Leica Microsystems, Germany) and thaw-mounted on conductive indium tin 

oxide (ITO)- coated glass slides (Delta technologies, USA). Frozen tissues 

were thawed and dried in vacuum desiccator for one hr at room temperature 

before washing. Tissue sections were washed in double distilled water 
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(ddH2O) and sequentially dehydrated in graded ethanol solution (50-100%) 

for 30 secs each. Dehydrated sections were washed in NH4HCO3 (10mM, pH 

8.0) twice for five minutes and air dried at room temperature. Glycerol-free 

PNGase F (New England Biolabs, UK) was dialysed in NH4HCO3 (25mM, 

pH 8.0)  and applied on tissue using a ChIP-1000 (Shimadzu, Japan). No-

enzyme controls were printed using NH4HCO3 buffer. Tissue sections were 

incubated overnight at 37°C in a humidified chamber, and a defined peptide 

mix was spotted adjacent to the section for TOF calibration. 2,5-

Dihydroxybenzoic acid (DHB) matrix (5.5 mg/mL) in 0.1% TFA containing 

1 mM NaCl was deposited on the specimens using a home-built sublimation 

apparatus (Marchetti-Deschmann laboratory, TU Wien), and recrystallization 

of the matrix was performed by hydrating the slides in vapours of acetic acid 

in a humidified chamber18. MSI data was acquired on a MALDI TOF/TOF 

(ultrafleXtremeÔ, Bruker Daltonics, Germany) mass spectrometer in 

reflectron mode with glycan masses up to m/z 2500. FlexImagingÔ software 

v3.0 (Bruker Daltonics, Germany) was used for data and image processing. 

All presented images are total ion current (TIC) normalised.  

 

4.2.16 In-solution Tissue Digest for N-Glycan Release  

Muscle tissue chunks from the upper gastrocnemius were microdissected and 

placed in eppendorfs for washing. Tissues were washed once with ultra-high-

quality water (ddH2O) with an additional two washes (2 x 5 mins) with 10mM 

NH4HCO3. The tissues were incubated in 10mM NH4HCO3 at 95°C for 30 

mins. Further, tissues were gently homogenised with tweezers in the 

eppendorf tube and centrifuged at 8000RPM for ten minutes. The supernatant 

tissue lysate was incubated with glycerol-free PNGase F at 37°C overnight. 

The mixture was deposited onto a ZipTip C18 tip, and glycans (together with 

unbound proteins/peptides) were obtained in the flow through and spotted 

with DHB matrix onto a MTP-384 AnchorChipÔ target (Bruker Daltonics) 

and allowed to dry at room temperature. For calibration, a standard peptide 

mix was spotted separately onto calibrant AnchorChip spots. MS data was 

obtained on the same instrument described above using FlexControlÔ v.3.4 

(Bruker Daltonics). For analysis, automatic peak picking was performed 
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using a signal-to-noise (S/N) threshold of 7 on the mass spectra. Peak identity 

and intensities of m/z values were matched with MSI experiments for the 

same sample and represented as ion intensity maps on the tissues. The target 

parent ions were fragmented using the LIFT mode and the resultant MS/MS 

spectra was screened for possible peptides using MASCOT 

(http://www.matrixscience.com/) and de novo sequencing approaches 

(manual assignment of mass differences). Ions not identified as peptides were 

submitted as [M+Na]+ and with a mass accuracy of ±2 Da to GlycoMod 

(http://us.expasy.org/tools/glycomod) to identify possible N-glycan 

structures (phosphate, sulfate modifications and presence of sialic acids 

excluded). 

 

4.2.17  Statistical Analyses 

Statistical analyses were performed using GraphPad Prism® Version 5 (USA) 

and IBM SPSS® Version 21, data were compared using one-way or two-way 

analysis of variance (ANOVA) based on the number of factors analysed, 

followed by a Tukey post-hoc comparison test. Bivariate analysis was 

performed to identify strong (Pearson’s p>0.6) correlations. Statistical 

significance was set at p < 0.05 (*). 

 

4.3 Results  

4.3.1 Microgel Fabrication and Experimental Design  

Microgels in the form of spherical beads were fabricated by depositing a 

forming gel solution on a hydrophobic TeflonÔ tape as previously described 

(Chapter 2). The forming gel solution composed of bone-marrow derived 

hMSCs, type-I atelocollagen, and 4S-StarPEG. Microgels of varying collagen 

concentrations (1mg ml-1, 2mg ml-1 and 3mg ml-1) was fabricated with a cell 

seeding density of 8 x105 cells ml-1 of the final gel volume. The effect of 

collagen concentrations was investigated using a study design (Figure 4.1) to 

understand cell behaviour and matrix remodelling effects due to in vitro pre-

conditioning.  

 

4.3.2 Extracellular Microenvironment Drives Substrate Stiffness  
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Embedding of hMSCs had a significant effect on the remodeling of the 

extracellular over 96 hrs in culture, as evidenced by immunostaining of the 

whole microgels (Figure 4.1). The changes in extracellular stiffness were 

correlated with the localisation of the transcription factor YAP/TAZ during 

the pre-conditioning period (Figure 4.2a). Nuclear localisation of YAP/TAZ 

is indicative of increasing stiffness experienced by the cells, whereas 

cytoplasmic localisation is observed when cells are on pliable matrix. A 

significant difference was observed in cell morphologies and expression of 

YAP/TAZ cytoplasmic-nuclear translocation between 24 and 96 hrs in 

microgels of different collagen concentrations (Figure 4.2b). A reduced 

cytoplasmic co-localisation was observed at 96 hrs; whereas the nuclear co-

localisation increased significantly in 1mg ml-1 and 3mg ml-1 microgels 

(p<0.05). No significant changes were observed in 2mg ml-1 microgels 

embedded with hMSCs.  Further, the changes in matrix modulus were 

verified with AFM analysis which showed an increase of greater than ten-

fold increase in microgel stiffness in both 1mg ml-1 (1150Pa) and 3mg ml-1 

(1400Pa) microgels at 96 hrs (Figure 4.3). A difference of less than five-fold 

difference was observed in 2mg ml-1 microgels at 96 hrs.  

 

4.3.3 Changes in Cellular Morphometry due to Extracellular Density  

Apparent changes in cell morphologies were observed among all three 

collagen concentrations quantified across different planes of the microgel 

construct (Figure 4.4a). Confocal imaging of ‘live microgels’ revealed 

differences in shape factor (SF), surface area to volume ratio (SAV) and 

longest axis of cells with microgels. SF defines the roundedness or stretched 

morphology of the cells, an SF of 0 indicates that a cell is completely 

stretched. A SF of 1 is assigned to a perfectly rounded cell. Cell shape factor 

index analysis showed a variable cell shape factor index in 1mg ml-1(0.45-

0.6) and 3mg ml-1(0.3-0.55) microgels. A consistent cell shape was observed 

across all levels in  2mg ml-1 where the cells assumed a shape factor (0.6-

0.62) which was significantly different from 1mg ml-1 and 3mg ml-1 (Figure 

4.4b). The cells embedded within 2mg ml-1 also exhibited a consistent surface 

area to volume ratio (0.35-0.4) at all three planes across the microgel (Figure 

4.5a).  Cell alignment on its longest axis in a plane is an apolar event that 
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precedes cell division. The longest axes of the cells were significantly 

different between the microgel conditions, but the higher number of cells had 

the longest axis on the periphery of the microgel compared to that of the 

centre (Figure 4.5b). On average, the longest axis of the cells was under 

80µm, which is lower than that of the MSCs on polystyrene surfaces where 

cells spread freely, and elongation of the cell along its longest axis and higher 

anisotropy dictates the rate of cell division19.  

 

4.3.4 Formation of Intracellular Inclusions in hMSCs 

Cells embedded in different microgel concentrations were analysed for 

changes in intracellular organelles and composition. The electron micrograph 

from microgels show a high number of cytoplasmic inclusions in 2mg ml-1 

than that of 1mg ml-1 and 3mg ml-1 over 96 hrs (Figure 4.6a). A detailed 

analysis revealed a significant difference in the percentage volume fraction 

per unit cell area embedded in different microgel concentrations. At 24 hrs, 

the cytoplasmic inclusions were not significant between the groups, with 

percent volume of 0.01- 0.02% per cell area. At 96 hrs the percent volume 

fraction of inclusions in 2mg ml-1 increased to 0.15% compared to 0.03% in 

1mg ml-1 and 3mg ml-1 (Figure 4.6b). Additionally, numerous stacked rough 

endoplasmic reticulum can be observed in 2mg ml-1 in contrast to irregular 

distended rough endoplasmic reticulum in 1mg ml-1 and 3mg ml-1. 

 

4.3.5 Extracellular Concentration Dependent Modulation of Integrin 

and Extracellular Matrix Gene Expression  

Comparison to Tissue Culture Plastic 

Integrins and extracellular matrix associated genes were quantified using real-

time PCR arrays. At 24 hrs, 52 genes and at 96 hrs 65 genes were up or 

downregulated in the microgel groups relative to those in tissue culture 

plastic. Extracellular matrix genes such as COL1A1, COL4A2, COL5A1, 

COL8A1, COL11A1, COL12A1, COL14A1, COL15A1, LAMA2, LAMA3, 

LAMB1, LAMC1, FN1, VTN, VCAN, ECM1 were downregulated (p<0.05) 

and LAMB 3 upregulated (p<0.05) in all microgel groups at 24 hrs (Figure 

4.7a). Matricellular and adhesion associated genes PECAM1, SGCE, 
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SPARC, SPG7, THBS2, THBS3, VCAM1, ICAM1 were also significantly 

downregulated (p<0.05) in all microgel groups (Figure 4.7b). At 96 hrs, 

COL1A1, COL4A2 COL5A1, COL7A1, COL8A1, COL16A1, VTN, FN1, 

LAMC1 were significantly downregulated in 3mg ml-1 microgels (p<0.05), 

and COL11A1, COL12A1, COL14A1, COL15A1 were downregulated in all 

microgel groups (Figure 4.8a). Integrins ITGA1, ITGA3, ITGA4, ITGA6, 

ITGA7, ITGB1, ITGB2 and ITGAV were significantly downregulated 

(p<0.05) in all microgel groups at 24 hrs (Figure 4.9a). Similarly, at 24 hrs 

matrix metalloproteases such as MMP2, MMP16, TIMP2 were 

downregulated, whereas MMP1 and MMP14 were significantly upregulated 

(p<0.05) (Figure 4.9a). At 96 hrs, only integrin ITGA1 was observed to be 

significantly downregulated in all microgel groups (p<0.05). ITGA2 was 

upregulated in 1mg ml-1(fold 2.99, p=0.03) and 2mg ml-1(fold 3.57, p=0.026), 

ITGA5(fold 2.03, p=0.02), ITGB3 (fold 2, p=0.03) and ITGB5(fold 2.21, 

p=0.01) were upregulated in 2mg ml-1 (Figure 4.9b). Strikingly, 

PECAM1/CD31 was also upregulated in 1mg ml-1 (fold 3.8, p=0.02) and 2mg 

ml-1(fold 5.6, p=0.02). CLEC3B (fold 2.6, p=0.005) and SPP1(fold=2.97, 

p=0.04) were also significantly upregulated in 2mg ml-1. Matricellular and 

adhesion associated genes SGCE, SPARC, THBS2, THBS3, VCAM1 and 

CLEC3B remained significantly downregulated (p<0.05) in 3mg ml-1 at 96 

hrs (Figure 4.8b).  

Differences between Microgel Concentrations 

At 24 hrs, most ECM genes were downregulated across all microgel groups. 

However, gene expression levels of VTN, LAMA3, ITGA4, NCAM1 were 

significantly downregulated (fold <-1.5), and COL15A1, ICAM1, ITGB4 

were upregulated (fold >1.5) in 1mg ml-1 compared to 2mg ml-1 and 3mg     

ml-1(Figure 4.7a). Gene VCAM1 was significantly downregulated (fold <-

1.5) and LAMB3, ITGA2, ITGB3 were upregulated (fold >1.5) in 2mg ml-1 

compared to 1mg ml-1 and 3mg ml-1(Figure 4.7a, b, 4.9a). Genes COL4A2, 

COL12A1, VCAN, FN1, LAMA2 were significantly downregulated and 

PECAM1 upregulated in 3mg ml-1, compared to 1mg ml-1 and 2mg ml-1. At 

96 hrs, upregulation (fold > 1.5) of genes COL6A1, COL6A2, LAMA3, 

LAMB3, NCAM1, ITGB4 were observed to be significantly higher in 1mg 

ml-1 than in 2mg ml-1 and  3mg ml-1(Figure 4.8a, 4.9b). Genes ITGA2, 
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ITGA5, ITGAV, ITGB3, ITGB5, MMP1, SPP1, TGFB1, CLEC3B, ECM1, 

LAMB3, PECAM1, ICAM1 were observed to be upregulated (fold >1.5) in 

2mg ml-1 compared to 1mg ml-1 and  3mg ml-1 (Figure 4.8b, 4.9b). Strikingly, 

34 genes (fold <-1.5) (Figure 4.7, 4.8) [COL1A1, COL5A1, COL6A1, 

COL6A2, COL7A1, COL8A1, COL11A1, COL12A1, COL15A1, 

COL16A1, VTN, ECM1, FN1, LAMA2, LAMA3, LAMB1, LAMC1, 

ITGA1, ITGA3, ITGA4, ITGA5, ITGA6, ITGA7, ITGA8, ITGAV, ITGB1, 

ITGB3, NCAM1, SGCE, SPARC, TGFBI, THBS2, THBS3, VCAM1] were 

significantly downregulated in 3mg ml-1 compared to those in 1mg ml-1 and 

2mg ml-1. Correlation analysis on gene expression in 2mg ml-1 microgel 

condition showed strong (Pearson’s P>0.6) positive correlation between 17 

markers (Figure 4.10a). Strong Pearson’s correlation (P>0.6) between 

integrins ITGA2, ITGA4, ITGA5, ITGA6, ITGA7, ITGA8, ITGAV, ITGB3 

and ITGB5 were also observed (Figure 4.10b). IPA analysis and canonical 

analysis showed similarities with respect to inhibition of several signalling 

pathways (Figure 4.11a) at 24 hrs in all microgel groups, particularly integrin 

signalling (z score=<-2, p<0.05). Both in 1mg and 2mg ml-1 microgels 

activation of Rac, Rho GTPases, IL-8 was observed. A higher activation of 

integrin signalling pathway in 2mg ml-1 was seen due to higher fold 

expression of integrins (Figure 4.11b) in the signalling cascade. Furthermore, 

functional analysis comparison (Figure 4.11c) exhibited several cell 

functions. These included inhibition of adhesion of extracellular matrix, cell 

spreading, differentiation and proliferation at 24 hrs. Notable differences 

were observed at 96 hrs  between groups 1mg, 2mg and 3mg ml-1 with respect 

to functions such as proliferation, adhesion of extracellular matrix, 

angiogenesis and vasculogenesis, activated relatively higher in 2mg ml-1, 

followed by 1mg ml-1 and inhibited in 3mg ml-1.  

 

4.3.6 Improved Limb Salvage in a Severe Hindlimb Ischemia Model 

The therapeutic efficacy of hMSC embedded microgels characterised based 

on previously quantified angiogenic paracrine effects (Chapter 2) was tested 

in a recently developed hindlimb ischemia model (Chapter 3). Microgels of 

2mg ml-1 collagen concentration at a cell density of 8x105 were cultured for 

96 hrs and labelled with PkH26 dye prior to in vivo implantation. 
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Approximately, 30±5 microgels were enumerated for implantation to 

optimally fill the perimuscular space, at the proximal site of ligation above 

the profunda femoris in the left limb. The right limb served as the contralateral 

non-occluded control.  After the induction of double ligation, the animals 

received either (i) microgels alone (ii) microgels with low-cell density of 

hMSCs (iii) hMSCs at high-cell density (iv) hMSCs at low-cell density or (v) 

saline (n=12/group).  The microgels or cells were injected immediately after 

the successful induction of ischemia. Blood flow reperfusion in the animals 

was recorded every week using Laser Doppler Imaging, for up to three weeks 

before being sacrificed for tissue harvest. Laser Doppler imaging revealed 

improved blood perfusion in microgels with cell group as early as day seven 

with 60 ± 17% recovery at day 21 which was significantly higher than that 

compared to the control groups (Figure 4.13). The ambulatory improvement 

and extent of foot necrosis were quantified using a modified Tarlov scale14 

and ischemia scale20. A higher score indicates impaired use of the ischemic 

limb, severe tissue necrosis or autoamputation of toes. Only 10% of the 

animals did not develop any necrosis in the saline group compared to 16% in 

microgels alone, 30% in low-cell density group, 48% in high-cell density 

group, and 50% in microgels with cells respectively (Figure 4.14). However, 

only 15% of the animals developed severe necrosis or underwent 

autoamputation of toes; whereas 35% of animals treated with high-cell 

density alone developed severe necrosis. Microgels with cells group showed 

no significant difference in ambulatory scores up to two weeks. But at the end 

of three weeks, a significant difference was observed between microgels with 

cells compared to saline and microgels alone groups (Figure 4.15). 

 

4.3.7 Microgels Embedded with hMSCs Enhanced Angiogenesis and 

Reduced Inflammatory Response 

To confirm the therapeutic angiogenesis effect of microgels embedded with 

low-dose cells, the muscle tissues from the gastrocnemius and lower 

quadriceps were subjected to histological analyses. At day 21 microgels with 

hMSCs were found to have higher capillary density (Figure 4.16, 4.17a) 

(204±26 capillaries/mm2) compared to microgels alone (135±18), high-cell 
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density (152±26), low-cell density (129±21) and saline (121±27) groups 

respectively. A significantly lower radial diffusion (Figure 4.17b) distance 

was observed in microgels with cells (28µm) compared to that of controls, 

which is a measure of the distance between the capillaries. The shorter the 

distance, the higher is the degree of perfusion with the tissue.  Subsequent 

antibody staining for the endothelial marker CD31 (PECAM-1) confirmed 

the presence of higher number of blood vessels in the hMSC embedded 

microgels than that seen in the controls. In addition, a significant reduction in 

the infiltration of inflammatory cells was observed (Figure 4.16, 4.17c) in 

microgels with hMSCs group (0.35±0.03) compared to microgels alone 

(0.55±0.13), high-cell density (0.50±0.06), low-cell density (0.63 ±0.12) and 

saline (0.65±0.07). A significant difference was also observed in high-cell 

density compared to low-cell density and saline group. Immunostaining for 

CD68, a macrophage marker, further confirmed the reduced inflammation in 

microgels with hMSCs compared to the control groups.   

  

4.3.8 Microgels Embedded with hMSCs Enhanced Angiogenesis Factor 

Expression in Muscle Tissues 

Quantitative analysis of cytokines and chemokines from muscle tissue 

extracts showed significantly higher levels of proangiogenic factors (ANG-2, 

sCD31, Endoglin, FGF-2, Prolactin, VEGF-C) in microgel embedded hMSCs 

than those of saline (Figure 4.18a, b).  Significant differences were also 

observed in ANG-2, sCD31 and Prolactin between microgel embedded 

hMSCs and high-cell density. Factors ANG-2, sCD31, Endoglin, FGF-2, 

Prolactin and VEGF-C were found to be expressed by significantly lower 

levels in low-cell density and microgels alone groups than those of microgel 

embedded hMSCs. Likewise, the gene expression level of ANG-1 (fold 4.31), 

FGF2 (fold 5.05), HIF-1a (fold 2.23), IL-6 (fold 3), PGF (fold 6.04),       

VEGF-A (fold 3.76), PDGFR-A (fold 2.89), ICAM-1 (fold 4.07), PECAM-1 

(fold 6.71), MMP-9 (fold 3.85) was found to be significantly higher 

(p<0.05)(Figure 4.19a, b) in hMSC embedded microgels than that in the 

control groups. Canonical pathway analysis showed activation of several 

pathways such as eNOS, IL-6, IL-8, ILK, integrin, NF-kB, nitric oxide, 
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PI3K/AKT and VEGF signaling (Figure 4.20a). A higher activation (z score 

>2, p<0.05) in IL-8, PI3K/AKT and VEGF signaling was seen in hMSC 

embedded microgels compared with activation state of high-cell density 

group. Both low-cell density and microgels alone treatment led to inhibition 

of the canonical pathways. Further, functional analysis comparison (Figure 

4.20b) exhibited activation of several cell functions associated with 

angiogenesis, adhesion of vascular endothelial cells, growth of blood vessel, 

and inhibition of cellular apoptosis and reduced infiltration of macrophages 

and antigen presenting cells in hMSC embedded microgel group.  

 

4.3.9 Differences in Tissue N-Glycan Distribution Treated with 

Microgels Embedded with hMSCs 

To obtain N-glycan population in tissues, unfixed muscle cryosections were 

treated with dialysed glycerol-free PNGase F and deposition of ionising 

matrix 2,5-DHB, followed by MALDI-TOF MS analysis in imaging mode. 

Figure 4.22a shows a profile mass spectrum of muscle sections from upper 

gastrocnemius in the treatment groups with normalised intensities for m/z 

1101± 2 and m/z 2135± 3, and consecutive H&E stained muscle sections. The 

N-glycan candidates were chosen for their high abundance and differential 

distribution in the group treated with hMSC embedded microgels. To confirm 

the identity of the N-glycans, supernatants from microdissected and enzyme 

treated tissues from the samples were analysed on a MALDI-TOF/TOF. 

Tissue supernatants obtained from in-solution digests (Figure 4.22b) also 

contained high S/N peaks corresponding to m/z 1101 and m/z 2135. 

GlycoMod prediction indicates Hex4(Deoxyhexose)1(Pent)2 to be the only 

possible glycoform (glycoform mass 1058.3, Dmass 1.3 Da). 

Hex4(HexNAc)2(Deoxyhexose)1 + (Man)3(GlcNAc)2 (glycoform mass 

2092.8, Dmass 1.3 Da) or Hex1(HexNAc)1(Deoxyhexose)3(Pent)3 + 

(Man)3(GlcNAc)2 (glycoform mass 2091.75, Dmass 2.25 Da) are the most 

likely glycol forms predicted for m/z 2135±3. Both structures correlate with 

the chitobiose core structure of N-glycans. Other structures were ruled out 

according to mass acurracies and fragment ions generated in MS/MS 

experiments confirming the ions to be carbohydrates. 
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Figure 4.1: Immunostaining of transcriptional coactivator Yes-

associated protein (YAP) and TAZ (transcriptional coactivator with 

PDZ-binding motif). Immunostaining of YAP/TAZ (green), cytoskeleton 

(red)), and nucleus (blue) of human mesenchymal stem cells in 1, 2 and       

3mg ml-1 microgels at 24 hrs and 96 hrs. Magnification 20X, Scale bar, 

100µm. 
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Figure 4.2: Microgel macromolecular concentration alters localisation of 

YAP/TAZ. (a) Changes observed in cell morphology and YAP/TAZ (green) 

localisation, cytoskeleton (red)), and nucleus (blue) of human mesenchymal 

stem cells in 1,2 and 3mg ml-1 microgels at 96 hrs. Magnification 40X, Scale 

bar,100µm. (b) Quantification of cytoplasmic or nuclear YAP/TAZ co-

localised with the cytoplasm (Phalloidin) or nucleus (DAPI) using Pearson’s 

coefficient for co-localisation. Significant increase in nuclear YAP/TAZ co-

localisation observed in 1 and 3mg ml-1 (n-=4). *indicates statistical 

significance (p<0.05). 
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Figure 4.3: Elastic moduli of cell-seeded microgels using atomic force 

microscopy. Elastic moduli of hMSC seeded microgels (1, 2, and 3mgml-1) 

measures via atomic force microscopy (5 spherical tip indenter, 36-68 

measurements/group). Significant increase in elastic modulus observed in 1 

and 3mg ml-1 at 96 hrs. *indicates statistical significance (p<0.05). 
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Figure 4.4: Microgel macromolecular concentration influences cell 

morphology. (a) 3D rendered image slice of a microgel acquired on a 

confocal microscope through 800µm depth with images taken 5µm apart, 

cells stained using Calcien Am and visualised at an excitation wavelength of 

488nm. Representative images (in panels) showing morphological changes at 

96 hrs in 1, 2and 3 mg ml-1 microgels (b) Shape factor (SF) of hMSCs 

measured across three planes (top, centre and bottom), shape factor ranging 

from 0 (rounded) to 1 (wide stretched). 
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Figure 4.5: Microgel macromolecular concentration influences surface 

area to volume ratio and cell polarity. (a) Surface area to volume ratio 

(SAV) of hMSCs measured across 3 planes (top, centre and bottom) in 

microgels (b) Longest axis of hMSCs on microgels indicative of anisotropy. 
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Figure 4.6: Accumulation of intracellular inclusions in human 

mesenchymal stem cells embedded in microgels. (a)TEM micrographs of 

hMSCs cultured for 96 hrs containing darkly stained cellular inclusions with 

distinct cell morphology. Scale bar, 1 µm. (b) Quantification of intracellular 

inclusions in 1, 2 and 3 mg ml-1microgels (n=5) using FIJI’s Trainable WEKA 

segmentation plugin. *indicates statistical significance (p<0.05). 
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Fold Change 

 

 

 

Figure 4.7: Early changes (24 hrs) in gene expression of ECM and 

adhesion molecules due to microgel macromolecular concentration. (a) 

ECM genes (b) and adhesion molecules differentially expressed in microgel 

concentrations (1, 2 and 3mg ml-1) at 24 hrs relative to tissue culture plastic 

control. Fold change values are the mean level of differential expression 

(n=3/group) and based on a 1.5-fold threshold.  
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Fold Change 

 

 

 

Figure 4.8: Late changes (96 hrs) in gene expression of ECM and 

adhesion molecules due to microgel macromolecular concentration. (a) 

ECM genes (b) and adhesion molecules differentially expressed in microgel 

concentrations (1, 2 and 3mg ml-1) at 96 hrs relative to tissue culture plastic 

control. Fold change values are the mean level of differential expression 

(n=3/group) and based on a 1.5-fold threshold. 
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Fold Change 	   

Figure 4.9: Microgel macromolecular concentration induces temporal 

changes in integrin and MMP gene expression. (a) 24 hrs (b) 96 hrs profile 

of cellular integrin molecules differentially expressed in microgel 

concentrations (1, 2 and 3mg ml-1) relative to tissue culture plastic control. 

Fold change values are the mean level of differential expression (n=3/group) 

and based on a 1.5-fold threshold. 

 

 

 

a b 



Chapter 4
 

	 196	

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10: Pearson’s correlation between molecular markers. (a) 
Connections denote strong (Pearson’s p>0.6) and significant (p value <0.05) 
correlations of gene markers to CLEC3B, identified as the highly enriched 
node in 2mg ml-1 microgel condition at 96 hrs(b) Strong (Pearson’s p>0.6) 
and significant (p value <0.05) correlation between integrins in 2mg ml-1 
microgel condition at 96 hrs. 
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Figure 4.11: Pathways modulated due to priming of human 

mesenchymal stem cells in microgels. (a) Heatmap of z-scores (indicating 

activation or inhibition) of canonical pathways Ingenuity Pathway Analysis 

(IPA) with a threshold of 1.3-fold expression, p<0.05. The dataset represents 

changes in gene expression at 24 hrs and 96 hrs (b) Heatmap of genes in the 

integrin signalling network expressed ad fold change (c) Heat map displaying 

z-scores of biological functions (IPA).  
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Figure 4.12: Ingenuity pathway network analysis map with gene 

interactions favoring angiogenesis due to priming of human 

mesenchymal stem cells in 2mg ml-1 microgels. Intensity of colour is 

related to higher fold-change. Red indicates high relative expression and 

green indicates low expression of genes.  
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Figure 4.13: Improved blood flow in mice treated with hMSC embedded 

in microgels at a low-cell dose. (a) Laser Doppler evaluation of the ischemic 

(left) and non-ischemic (right) hindlimbs at day 21 (n=12/group, p<0.05). In 

colour-coded images, red indicated normal perfusion and blue indicated 

reduction in blood flow. Perfusion was significantly higher in microgels 

delivered with human mesenchymal stem cells compared with control groups. 

The blood flow restoration is expressed as a ratio between perfusion in the 

ischemic limb to that of the contralateral control. (b) Schematic shows the 

double ligation sites on the femoral artery in the hindimb of Balb/c nude 

mouse model.	 
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Figure 4.14: Higher limb salvage in animals treated with hMSC 

embedded in microgels at a low-cell dose. At day 21 treatment group 

microgels with hMSCs showed higher limb salvage with 50% (6 out of 12) 

of the mice protected from tissue damage or necrosis and 15% showing 

varying degree of moderate to severe necrosis (n=12/group). The color-coded 

scale is based on a 5-point modified Tarlov scale; 0= Normal, 1= mild redness 

or cyanosis of toe tips, 2= cyanosis of toes with mild necrosis of toes, 3= 

moderate necrosis (affecting two or more toes), 4= Severe necrosis affecting 

the metatarsals, 5= autoamputation of toes. 
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Figure 4.15: Improvement in ambulation at day 21 in mice treated with 

hMSC embedded in microgels at a low-cell dose. Significant difference 

was observed in hindlimb use in animals treated with microgels embedded 

with hMSCs (n=12, p<0.05). Hindlimb scoring (index of muscle function); 

0= normal, 1= plantar flexion but no flexion of toes, 2= no plantar flexion or 

dragging and 3= dragging of the foot. A higher score indicates impaired 

ambulatory function.  
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Figure 4.16: Immunohistochemical and H &E staining of muscle tissues 

from treatment groups. CD68 (red) staining for macrophages and CD31 

(green) staining for blood vessels.  
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Figure 4.17: High capillary density and lower infiltration of 

inflammatory cells in hMSC embedded microgels treatment group. (a) 

hMSC embedded microgels showed significantly higher capillary density and 

(b) a lower radial diffusion distance compared to control groups at day 21. (c) 

Significantly lower infiltration of inflammatory cells was observed in 

microgels with hMSCs compared to rest of the treatment groups. 

(n=12/group, p<0.05). 
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Figure 4.18: High levels of pro-angiogenic cytokines measured in 
treatment groups compared to saline. Proangiogenic cytokines (a) and (b) 
were measured in the tissues at day 21. * denotes significant difference to 
Saline; # to Microgels with cells; & to 50K cells. Statistical significance 
tested with two-way ANOVA, p<0.05; (n=3/group; n=1 pooled from 4 
animals). 
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Figure 4.19: Higher	pro-angiogenic gene expression in muscle tissues at 
day 21. Significantly upregulation in genes associated with angiogenesis (a) 
and (b) was observed in mice treated with microgels with hMSCs post-
operative at day 21. Statistical significance tested with two-way ANOVA, 
p<0.05; (n=3/group; n=1 pooled from 4 animals). 
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Figure 4.20: Pathways affected in mice treated with human mesenchymal 

stem cells embedded in microgels after hindlimb ischemia. (a) Heatmap 

of z-scores (indicating activation or inhibition) of canonical pathways 

Ingenuity Pathway Analysis (IPA) with a threshold of 1.3-fold expression, 

p<0.05. The dataset represents changes in gene expression in treatment 

groups: microgels with hMSCs, 1 million hMSCs, 50, 000 hMSCs and 

microgels alone (b) Heat map displaying z-scores of biological functions 

(IPA) between treatment groups at day 21.  
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Figure 4.21: Ingenuity Pathway Analysis predicted a downstream effect with 

increased angiogenesis in vivo treated with (a) microgels with cells (Z-score 

2.53) compared to (b) 1 million cells (Z-score 2.34), (c) 50,000 cells (Z-score 

-0.24) and (d) microgels alone (Z-score -1.78). In microgels with cells group 

40 of 68 genes had an expression direction consistent with increased 

angiogenesis, yielding a Z-score of 2.53. Red symbols indicate increased 

transcript levels, while green symbol indicate reduced transcript levels. The 

dotted lines indicate indirect relationships leading to activation (orange) or 

inhibition (blue). Yellow and grey dotted lines indicate inconsistent 

relationships and no predicted effects, respectively. 
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Figure 4.22:	 In situ profiling of N-linked glycans from tissues. (a) Ion 

intensity maps of N-glycans showing distribution of m/z 1101 and m/z 2135 

and consecutive H& E stained muscle sections. (b) In-solution tissue digest 

of tissue samples showing ions identified from the MADLI/IMS experiments. 

Ion intensities are normalised to the total ion current for each ion across the 

tissue and rainbow scale bars indicate the range of intensities plotted.   
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Figure 4.23: Schematic representation of the study outcome. Microgels 

embedded with hMSCs at low-cell density were fabricated using 

microdispensing technique. Pre-conditioning microgels in vitro for 96 hrs 

modulated the paracrine release of hMSCs dependent on the macromolecular 

concentration. Further investigation into the integrin signalling mechanism 

revealed strong pro-angiogenic phenotype of hMSCs embedded in 2mg ml-1 

microgels. In vivo testing of 2mg ml-1 microgels in a severe hindlimb 

ischemia model showed high angiogenic activity and low inflammatory tissue 

response contributed to revascularisation and reperfusion.  
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4.4 Discussion  

The effect of cell-material interactions in a physiologically similar 3D 

environment has a tremendous impact on cell behaviour. Engineering a 

tissue-specific extracellular environment through modulation of 

macromolecular concentration replicates the different stages of tissue repair 

and remodeling. The use of naturally occurring extracellular matrices innately 

provides instructive cues which helps maximise cell-cell and cell-matrix 

interactions. Use of tailored matrices as a cell delivery platform not only 

allows high cell retention and survival but also serves as a pre-conditioning 

or priming platform. In the present study, the microgel platform previously 

characterised (Chapter 2), was tested for inducing therapeutic angiogenesis 

in a severe hindlimb ischemia model. It has been demonstrated that hMSCs 

delivered via gelatin microcryogels at a cell density of 1 x105 cell dose have 

a better angiogenic effect than 1 x105 cells delivered on their own21. 

Additionally, a dose-dependent study confirmed the efficacy of 1 x105 

hMSCS from both CLI and normal donors and showed equivalent 

neovascularisation in a murine hindlimb ischemia model22. A further two-fold 

lower cell dose (5x104 hMSCs) primed with a growth factor cocktail 

containing bFGF, PDGF-AA and heregulin-β1 for eight days was shown to 

be effective in inducing angiogenesis in vivo23.  As a first, the current study 

demonstrates in vivo efficacy of hMSCs at a dose of 5x104 embedded in type-

I collagen microgels primed in vitro for 96 hrs without any external growth 

factors.  

 

In a physiological state, the 3D extracellular environment alters cell 

behaviour including proliferation, matrix metalloproteinase mediated 

migration, expression of cell-adhesion integrins, all of which are important 

events for angiogenesis. In the previous work, a reduction in proliferative rate 

on microgels was shown to be approximately four-fold than that of tissue 

culture plastic with higher expression of matrix metalloproteinases. Recently, 

it has been demonstrated that crosslinking of the collagen matrix enhances 

angiogenesis, whereas a higher matrix density has a negative effect on 

angiogenesis24,25. Notably, both the current and previous work employ 

optimal crosslinking with varying collagen concentrations. The results show 
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that changes in matrix stiffness over-time is collagen concentration dependent 

and this is reflected in sensing stiffness at a cellular level. The subcellular 

localisation of transcription factor YAP/TAZ is tightly regulated by cell 

substrate rigidity that results in actin cytoskeleton remodeling26. Hence 

YAP/TAZ serves as molecular mechanosensors, where its translocation to the 

nucleus leads to activation of proliferative genes27.  

In a 3D environment, cells secrete ECM to promote stiffness, and remodeling 

of ECM is dependent on the activity of YAP28. These results indicate that 

significant ECM remodeling in 1mg ml-1 and 3mg ml-1 corresponds to higher 

nuclear translocation of YAP/TAZ and increase in matrix stiffness greater 

than 1kPa. Although, an increase in modulus is observed in 2mg ml-1 at           

96 hrs, this change is significantly lower than 1mg ml-1 and 3mg ml-1 

microgels. These differences may be attributed to attaining an early 

homeostasis in ECM remodeling due to bio-instructive extracellular density 

of 2mg ml-1. The corresponding ECM associated changes in 1mg ml-1 and 

3mg ml-1 significantly impacts the cell morphology throughout the microgel 

construct; whereas a more consistent cell morphology is observed in                 

2mg ml-1. The surface area to volume ratio of cells in 1mg ml-1 and 3mg ml-1 

showed differences in distributions of bigger and smaller cells through the 

microgel. A consistent and smaller surface to area volume ratio observed in 

2mg ml-1 is indicative of a high metabolic activity due to the shorter transport 

distance of the metabolites29. The presence of abundant dense inclusion 

bodies within cells embedded in in 2mg ml-1 microgels, distinct from the 

intracellular organelles, suggests a secretory cell behaviour30,31,32. The 

secretory products may contribute to the paracrine response which was 

quantitatively measured at 96 hrs. Pearson’s correlation analysis showed 

strong positive correlations of molecular markers to CLEC3B in the integrin 

profiling experiment. CLEC3B (C-type lectin domain family 3, member b) is 

known to encode a protein involved in packaging molecules destined for 

exocytosis33,34. 

In the current study, the differences in altered ECM composition between the 

microgel concentrations were not investigated. This is because the aim was 

not to replicate the complexity of hMSCs bone marrow ECM ‘niche’. 
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However, the effects of macromolecular concentration synergistically 

modulate integrin expression and signalling which drive a pro-angiogenic 

paracrine phenotype in hMSCs. Over 80% of ECM and cell adhesion 

associated genes were altered at 96 hrs in the microgels groups relative to 

tissue culture plastic.  Integrin expression is modulated by “outside-in” 

signalling due to clustering and formation of focal adhesions linked to the 

cytoskeleton35. The integrins ITGA1, ITGA2, ITGA4, ITGA5, ITGAV, 

ITGB1 and ITGB3 are strongly induced by proangiogenic mediators and 

growth factors36,37. A significant increase in ITGA2, ITGA5, ITGB3 and 

ITGB5 in 2mg ml-1 at 96 hrs may contribute to the increase proangiogenic 

phenotype of hMSCs and to paracrine response. A strong positive correlation 

was also observed in the expression of integrins ITGA2, ITGA5, ITGA6, 

ITGB3 and ITGB5, among others. Additionally, the higher gene expression 

of ICAM-1 and PECAM-1 cell adhesion molecules are linked to regulation 

of angiogenesis (Figure 4.12) via several mechanisms38.   

In the previous study, it was demonstrated that priming of hMSCs on the 

microgel platform (2mg ml-1) improved in vivo cell retention up to seven 

days, and restoration of ambulatory function without any tissue necrosis in a 

single ligation model. In the current study, therapeutic angiogenesis of 

microgels is demonstrated in a severe double-ligation model which manifests 

acute clinical signs of necrosis due to multiple occlusions in the femoral 

artery. In the previous in vivo pilot study where hMSC embedded microgels 

resulted in 100% limb salvage in a less severe model of ischemia. However, 

in the current study, hMSC embedded microgels were tested in a severe 

model; wherein 50% of the animals showed no signs of necrosis, higher than 

those of the controls.  

Furthermore, significantly higher reperfusion was observed in microgels with 

cells group compared to that of the controls. Reperfusion resulting from 

neovascularisation was confirmed by histological evaluation of capillary 

density in the muscle tissues. Further, muscles tissues were profiled for 

proangiogenic markers to trace the presence of growth factors and cytokines 

involved in angiogenesis. The mice that received primed hMSCs embedded 

in microgels showed higher levels of proangiogenic cytokines ANG-2, 

sCD31, Endoglin, FGF-2, Prolactin and VEGF-C, indicating the enduring 
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effect of the treatment that contribute to functional angiogenesis via growth 

factor expression. Importantly, these observations were also correlate at the 

gene expression level. IPA analysis predicted 40 out of 68 genes had an 

expression direction consistent with increased angiogenesis in mice treated 

with hMSC embedded microgels (Figure 4.21). Given the prevalence of 

growth factors as a ‘signature’ of regenerative tissue, it was hypothesised 

whether post-translational modifications, particularly differences in N-linked 

glycan expression will be affected due to pro-angiogenic stimulus. It has been 

reported that endothelial cell glycome is sensitive to changes in cytokines and 

growth factors in the tissue39. Some of these changes such as extension of N-

glycan structures are responsible for activating pro-angiogenic signaling 

pathways39. Although the protective role of O-linked glucosamine is known 

in neonatal cardiomyocytes after ischemia-reperfusion40, little is known about 

the changes in N-linked glycans after reperfusion. The data suggests, unique 

distribution and abundance of N-linked sugars in a pro-angiogenic 

environment induced by microgels with hMSCs. However, further studies are 

needed to delineate the mechanism(s) that are involved in the dynamic 

changes that occur in the glycome after induction of angiogenesis.  

Taken together, the results account for the effect of macromolecular density 

in 3D and 4D (time) on hMSCs with changes in the stiffness of the microgel 

cell delivery platform, cell morphology, integrin and paracrine expression, 

which together result in a pro-angiogenic phenotype (Figure 4.23). Crucially, 

the study highlights the importance of hMSC priming, demonstrating a 

therapeutic effect with significantly lower cell- dose on the microgel 

platform. Future studies will focus on the temporal effects of hMSC 

embedded microgels and the fate of the transplanted cells after the early 

degradation of microgels.  
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4.5 Conclusions 

The results of the study demonstrate that macromolecular concentration in 

three-dimensional microgel environment can influence the elasticity of the 

extracellular environment, thereby inducing changes in cell morphology 

either by cell guided organisation of the extracellular environment or matrix 

guided changes in cellular function. Some preliminary work and literature 

evidence suggest macromolecular crowding effect induce ‘outside-in’ 

signalling from the material to cell and vice versa41,42. Macromolecular 

concentration effect and biochemical nature of collagen combined modulate 

the integrin expression of hMSCs, in turn, activating molecular regulation via 

several integrin and cytokine production that favour a pro-angiogenic 

behaviour. Moreover, the use of twenty-fold lower cell dose than that of the 

gold-standard used in pre-clinical hindlimb ischemia studies, attributes to the 

importance of preconditioning hMSCs on the microgel platform. These 

findings will offer a biomaterial enhanced stem cell therapy for reversal of 

tissue ischemia by inducing angiogenesis. Furthermore, these findings will be 

appreciated as increasingly significant, as future studies will investigate 

ECM-based three-dimensional niches for engineering constructs that will 

allow replication of native cellular microenvironments for enhancing the 

regenerative capacity of stem cells. 
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5.1 Introduction 

Peripheral arterial disease (PAD) or commonly referred to as ischemia of the 

limbs is caused due to occlusion of blood vessels because of atherosclerosis. 

A severe, chronic form of ischemia lead to the clinical condition called 

Critical Limb Ischemia (CLI). These patients exhibit different degrees of 

tissue loss and necrosis and over 20% of the patients who undergo amputation 

usually don’t survive longer than a year1,2.  

Treatment strategies help restore tissue homeostasis such as the use of 

surgical grafts to revascularise the tissue or delivery of exogenous gene or 

cytokine-based therapeutics to trigger endogenous tissue repair mechanisms. 

However, these strategies have limited effect in vivo due to their short half-

life, insufficient or maximal dose, instead of an optimal therapeutic dose.  An 

optimal therapeutic dose is difficult to determine, given the altered tissue 

responses in a diseased state. Although dose-escalation clinical studies offer 

some advantage, such studies are time-consuming and can add delays in the 

introduction of a potential therapy.  

Chronic diseases such as CLI develops through different phases, and require 

controlled modulation of factors in a temporal manner to reverse tissue 

damage. Delivery of stem cells as ‘factories’ to produce growth factors and 

signaling molecules to mobilise reparative cells is a potential alternative. 

Stem cells can restore physiological balance of cytokines and induce turnover 

of matrix components during tissue repair. This success hinges on the longer 

retention of cells and the ability to survive unconducive hypoxic and 

inflammatory environment. Entrapment of cells within a physiologically 

relevant  matrix that can provide optimal support and cytoprotection can aid 

in improving cell survival in the host environment. Moving a few steps 

further, the ability to tune stem cell behaviour by engineering its 

macromolecular environment allows to understand cellular response to 

changes in the biochemical and biophysical properties of the extracellular 

matrix. Cells can be ‘cultured’ in confined ECM compartments to enhance 

self-renewal properties, which when transplanted at the site of injury can 

replicate a healing or a regenerative response that includes migratory and 

proliferative phase followed by inflammation. The project discussed here 

contributes to the understanding and importance of cell-matrix and cell-cell 
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interactions, specifically the role of type-I collagen microgel in modulating 

paracrine responses of hMSCs to induce angiogenesis in a model of CLI.  

 

5.2 Summary 

5.2.1 Phase I-  Development of a 3D Microgel Platform   

The objective of phase I (Chapter 2) was to design a 3D cell delivery 

platform to alter paracrine responses of hMSCs and enhance its angiogenic 

capacity. Several studies have established the enhanced differentiation 

capacity of MSCs  to osteogenic3,4, adipogenic	5 or chondrogenic6 lineage in 

collagen constructs with the help of chemical inducers,  or seeding MSCs on 

GAG-rich ECM deposited by chondrocytic cells in a 3D collagen matrix to 

coax stem cells into chondrogenic lineage7	8.  

Entrapment of cells in such 3D model systems are useful tools to study the 

dynamic biochemical and biophysical changes in the stem cell behaviour and 

its extracellular environment. However, time-dependent cell behaviour in a 

3D construct and the subsequent changes in its macromolecular environment 

in the absence of differentiation inducing additives have not been thoroughly 

investigated. These effects have significant implications in generating cell-

driven self-assembly of its microenvironment, pre-defined by the 

macromolecular composition and concentration at time zero. Furthermore, 

controlling the shape or geometry of the 3D platform is essential to maintain 

a reasonable aspect ratio for mass transfer of nutrients for high cell survival. 

Spherical constructs therefore with high surface area-to-volume ratio are 

preferred for its mechanical durability and enhanced mass transfer of 

metabolites and paracrine factors9. 

In phase-I (Chapter 2) of the study, controlling for the geometric 

confinement of hMSCs, reminiscent of spontaneous self-assembled spherical 

MSC clusters10, cells were embedded in a spherical shaped construct 

composed of 4S-StarPEG crosslinked type-I collagen. Crosslinking of 

microgels improved microgel stability and cell retention without hampering 

cell survival. Higher collagen concentration was observed to have more anti-

apoptotic effect compared to lower collagen concentration. Overall less than 

5% of the cells underwent apoptosis across all the collagen concentrations. 

Studies have shown some degree of apoptosis to be beneficial for tissue 
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patterning during development and regeneration11,3. Despite optimal 

crosslinking of the microgels, cells remodelled the microgel matrix during the 

in vitro culture period. Construct shrinkage observed was dependent on the 

collagen concentration and cell density. Higher collagen concentration (3mg 

ml-1) and low-cell density (0.1 million cells ml-1) resisted cell mediated matrix 

remodelling; whereas low collagen concentration (1mg ml-1) and high-cell 

density (0.8million cell ml-1) exhibited up to 40% reduction from the original 

construct size. In addition to combined traction forces exerted by the cells, 

the matrix remodelling also occurred due to secretion of MMP-1 (interstitial 

collagenases) by hMSCs embedded in the microgels. In the literature, 

reorganisation and contraction of 3D collagen matrix has also been linked to 

activation of nuclear transcription factor NF-kappaB and increase in 

expression of integrin a212. In addition to the biochemical activity, 

mechanical stresses within the collagen microgel are known to decrease 

proliferation rates without losing their multipotency13.  

The percentage of cells in the microgels in the active dividing phase was over 

three-times lower than that of tissue culture plastic. After three weeks in 

culture, cells extracted from the microgels with mild collagenase digestion 

showed all phenotypic characteristics of mesenchymal stem cells, and readily 

differentiated into chondrogenic, osteogenic and adipogenic lineage in 

differentiation media. During the continuous culture period of cell-laden 

microgels for 96 hrs, differential expression of cytokines was observed. 

Interestingly, the level of cytokines released significantly differed between 

different macromolecular concentration as early as 24 hrs. A consistent and 

high-expression of proangiogenic cytokines such as SDF-1a, ANG-1, ANG-

2, VEGF, HIF-1a IL-6 and IL-8 were measured in 2mg ml-1 at 96 hrs. This 

effect was pronounced with the increase in cell density, as expected. Pro-

inflammatory cytokines TNFa, IL-12, IL-1b, IFN-g were under detectable 

limits.   

Based on these key findings, 2mg ml-1 microgels after 96 hrs of 

preconditioning in vitro, these were then tested in a pilot in vivo study using 

a hindlimb ischemia model generated by single ligation of the femoral artery. 

Further, implantation of cell-laden microgels consisting of a cell-dose twenty-
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times lower than pre-clinical standard, resulted in 100% limb salvage and 

significant improvement in ambulation. Histological evaluation showed high 

capillary density and low infiltration of inflammatory cells in mice treated 

with 2mg ml-1 and 0.8 million cell ml-1 cell-laden microgels.     

 

5.2.2 Phase II- Development of a Relevant Pre-Clinical Model for Testing 

Microgels 

Validation of new therapeutics in animal models is essential to determine 

clinical success. However, there is a general consensus that animal models 

cannot mimic the complexity of diseases in humans. Yet, it is important to 

understand critical outcomes of a therapy such as survival, toxicity and 

pharmacokinetics prior to clinical translation. It is also important to establish 

preclinical therapeutic efficacy, considering pathological end-points as a 

measure of improvement or deterioration post administration of the 

therapeutic.  

In models of PAD, the degree of ischemia depends on the anatomical location 

of the occlusion, number of occlusions and the capacity of collaterals to 

emerge from the pre-existing capillaries or formation of new capillaries.  

Proximal ligation of the artery has been demonstrated to exacerbate the 

pathological signs of ischemia such as necrosis and limb paralysis. 

Additionally, both proximal ligation and excision of the arterial tree, if 

performed in a slow recovering animal may replicate clinical condition of 

patients with severe limb ischemia14. But the severity of the acute procedure 

may not give wider therapeutic window to test a potential therapeutic to take 

effect. The study described in Chapter 3, addresses the need for a model that 

allows for a wider therapeutic window and higher therapeutic index, allowing 

sufficient duration of action of the microgel-based therapy, prior to 

endogenous recovery response or rapid damage to the tissue due to the 

surgical insult.  

The study demonstrates differences in endogenous recovery based on two key 

variables: strain differences athymic or Balb/c and single or double ligation. 

Immunocompromised animals were chosen for the study to prevent any 

interference in observing a therapeutic effect from the potential adverse host 

versus graft responses against the microgels embedded with hMSCs. The 
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study also investigated the influence of single ligation at different anatomical 

sites in widely used nude Balb/c model, including femoral artery-vein ligation 

pre-clinical model that do not represent the clinical pathology. It was 

concluded that Balb/c nude mice with double ligation reproducibly exhibited 

slower perfusion recovery (less than 50 %), greater ischemic severity and 

impairment in ambulation. In comparison, high recovery (greater than 70%) 

in both single and double ligation in athymic nude mice. Faster reperfusion 

in single ligation models was seen due to arterio-capillary vascular shunting. 

In the context of testing hMSC laden microgels, the therapeutic effect was 

demonstrated in a single ligation Balb/c model in Chapter 2. Testing the 

therapeutic effect of microgels further with the development of this severe 

double ligation model, is more relevant, and allows the demonstration of the 

effects of a xenogenic cell-based therapy in promoting angiogenesis. 

Although it is important to note that the vascular impediment created in the 

model is an acute injury, whereas CLI is a chronic and progressive disease 

condition that develops over decades. However, development in preclinical 

models based on clinically relevant endpoints improve the chances in 

predicting success at clinical phases.   

 

5.2.3 Phase III- Effect of Microgel Macromolecular Concentration on 

hMSC Behaviour and in vivo Testing in a Severe Model of Hindlimb 

Ischemia   

The objective of the last phase of this thesis was to evaluate the changes in 

hMSC behaviour on a microgel platform with regards to cell morphometry, 

rigidity of the microgel environment, molecular expression of integrins and 

finally testing the efficacy of 2mg ml-1 hMSC embedded microgels in a 

double ligation model of hindlimb ischemia. In vitro characterisation of the 

microgels revealed changes in the matrix rigidity over the 96 hrs culture 

period. Up to 18-fold and 26-fold increase in matrix stiffness was observed 

in 1 and 3mg ml-1 respectively. Interestingly, only a six-fold increase was 

recorded in 2mg ml-1 microgels, with a mean modulus of ~413Pa at 96 hrs. 

The analytical measurement of the change in matrix stiffness was also 

evaluated at a molecular level by quantifying localisation of the rigidity 

sensitive transcription factor YAP/TAZ. The reorganisation of the ECM 
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matrix was observed to affect the cell morphometric parameters such as cell 

shape index, surface-to-area volume ratio and longest axis. The cells 

embedded in 2mg ml-1 microgels exhibited a consistent cell shape and 

surface-area-to-volume ratio. A reduced volume per cell can increase rates of 

factor accumulation and secretion due to shorter transport distances15,16. A 

significantly higher number of cytoplasmic inclusions were also observed in 

2mg ml-1 microgels compared to 1 and 3 mg ml-1.  

Further, to understand the changes in cell-matrix interactions over 96 hrs, a 

panel of integrins, ECM and cell adhesion molecules were screened. Overall 

it was found that with an increase in macromolecular concentration, there was 

a downregulation of integrins and other extracellular matrix molecules. 

Integrin expression is modulated by extracellular environment and due to 

formation of focal adhesions. In 2mg ml-1 microgels, integrins ITGA2, 

ITGA5, ITGB3 and ITGB3 and adhesion molecules ICAM-1 and PECAM-1 

associated with proangiogenic mechanisms were significantly upregulated in 

comparison to the other treatment groups.  

Finally, the functional effect of the 2mg ml-1 microgels at a low-cell density 

was determined in a double ligation model of hindlimb ischemia. The animals 

that received primed or preconditioned hMSC laden microgels showed higher 

blood flow at the end of three weeks. The higher perfusion correlated with 

the increased capillary density, reduced infiltration of inflammatory cells and 

presence of proangiogenic cytokines in the tissues. In addition to vascular 

remodeling, notable changes in the tissue glycome were also observed. It is 

not clear whether the changes in N-linked sugars in the treatment group are 

associated with the biological mediators of vascularisation or a direct measure 

of regenerative process in wound healing. The findings of this study highlight 

the significance of ECM-based 3D niches which can be used to enhance the 

regenerative capacity of stem cells. Further, microgel-based cell delivery 

platform with low cell density, offers a new strategy to tackle problem of 

donor-limited autologous cell sources for the treatment of limb ischemia.  
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5.3 Limitations 

5.3.1 Phase I 

One of the main technical drawbacks in this phase was the challenge in 

fabricating microgels of higher collagen concentration (i.e. greater than 3mg 

ml-1). This was mainly due to the rapid gelation that occurred due to higher 

density of collagen fibrils. Neutralisation results in some degree of 

spontaneous self-assembly, which is further stabilised by crosslinks formed 

with the help of 4S-StarPEG. In the pilot in vivo study, the objective was to 

elucidate the duration of microgel retention in vivo, early tissue response and 

therapeutic effect of microgels with cells compared to only microgels. The 

study was performed in a hindlimb ischemia model in Balb/C nude mice. The 

model was created by a single ligation of the femoral artery. The adverse 

effects of ischemia because of the single ligation were not profound due to 

rapid endogenous repair in rodent models, which is acknowledged as a 

limitation.  Furthermore, the effects of cell injection as a bolus would have 

justified the use of microgels for longer cell retention in vivo, which was not 

investigated in the pilot study. Further, the in vivo fate of hMSCs were not 

determined after the degradation of the microgels after one week. The 

therapeutic effect in restoration of the blood flow was hypothesised to be 

mainly via paracrine mechanisms of hMSCs embedded in the microgels. 

However, tracking of hMSCs within the limb muscles will provide further 

clarification on the longer retention of hMSCs or explore the possibility of 

transdifferentiation of hMSCs into vascular endothelial cells, as previously 

reported	17	18. 

 

5.3.2 Phase II 

The second phase of this thesis involved the development of a pre-clinical 

model for testing microgels in vivo. Blood flow recovery was measured using 

laser doppler imaging that has a penetration depth of 1-2mm. Hence perfusion 

restoration in the paws is measured to identify flow deficits relative to non-

occluded control. One of the main limitation of this study was the lack of use 

of techniques such as three-dimensional micro-CT or angiography to 

visualise the pattern of collateralisation in immunocompromised animals. 

Depending on the origin of the collateral network, mechanisms such as shear-
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stress induced angiogenesis or systemic or local changes contributed by 

paracrine factors or activated inflammatory cells can be elucidated14,19. 

Histologically, muscle atrophy is a common phenomenon that is observed in 

a hindlimb ischemia model20. Additional quantification of capillaries per 

muscle fibre will be a useful metric to understand the extent of fibrosis and 

atrophy in muscles as a result of single or double ligation. 

 

5.3.3 Phase III 

The final phase of the study aimed at understanding the changes in the 

microgel matrix and consequential changes in cell behaviour during the 

preconditioning period. Further, in vivo efficacy of the optimal proangiogenic 

microgel concentration, 2mg ml-1 was determined in a severe model of 

hindlimb ischemia. One of the limitations of this study was the lack of 

characterisation of newly deposited ECMs by hMSCs. Cellular functions 

including cell survival have shown to be influenced by ECM accumulation 

by cells during the priming period21. Injectability of the cell-laden microgels 

is an important aspect which was not investigated due to the final form and 

dimensions of the microgel. Reduction in the microgel dimensions through 

high-throughput fabrication techniques may be useful in injecting cell-laden 

microgels in a non-invasive fashion.  Although, this may induce mechanical 

damage to the constructs due to shear forces experienced during injection. 

Furthermore, in parallel with MALDI-IMS profiling, characterisation and 

validation of N-glycans found in tissues using fluorescent labelling and 

reversed phase liquid chromatography-mass spectrometry (LC-MS) would be 

advantageous to detect low-abundance glycan species.  

 

5.4 Future Directions 

The findings and limitations of the studies carried out in this project has raised 

several questions. Future studies can be performed for further mechanistic 

investigation in the effects of modular cell delivery platforms; combined with 

the development of sophisticated devices for high-throughput fabrication. 
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5.4.1 High-Throughput Microfluidic Flow-Focusing Device to Fabricate 

Cell Embedded Microgels 

One of the main limitations of Chapter 2 was the lack of a controlled and 

high-throughput device for fabrication of microgels for characterisation. The 

development of efficient methods for rapid fabrication of cell embedded 

constructs is essential for several reasons. These methods will enable uniform 

mixing of precursor components, spatio-temporal control over the number 

and distribution of cells within the construct, control over the dimensions of 

the constructs, and finally the ability to generate several batches of cell 

embedded constructs that can be used to perform cell studies or applied as 

cell-based therapeutic in a non-invasive injectable manner22. A spherical 

construct has high surface-to-area volume ratio which enable efficient 

nutrient transport and diffusion of soluble factors released by the embedded 

cells. Microfluidic flow-focusing device offers generation of large number of 

cell-laden constructs with precise tunability23. Such devices also enable co-

encapsulation of more than one cell type to generate a niche 

microenvironment allowing intercellular communication24. In order to test 

generation of microgels using a microfluidic device, a feasibility project was 

initiated in collaboration with the Tyndall Institute, Cork. Fluid flow-focusing 

devices of two configurations were designed. 

 

1. T-channel geometry: In this configuration (Figure 5.1a), the 

dispersed phase (encapsulation or embedding material) enters 

perpendicular to the main channel, which carries the continuous phase 

(immiscible phase such as oil).  The continuous phase interrupts the 

laminar flow of the dispersed phase as it enters the main channel, 

pinching it at the point of entry to form a droplet. 

2. Y-channel geometry:  The Y-configuration (Figure 5.1b) allows the 

dispersed phase to flow through the main channel while concurrently 

being joined by two perpendicular streams of continuous phase. The 

dispersed phase stream is interrupted at the narrow constriction at the 

nozzle which leads to microdroplets of the dispersed phase. All device 

designs were fabricated on silicon wafer and a representative scale of 

a Y-channel device is shown in Figure 5.1c. 
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Figure 5.1: Flow focusing microfluidic device configurations. 

Microfluidic device fabrication diagram (to scale) for (a) T-channel 

configuration and (b) Y-channel configuration with downstream mixer and 

oil filter modules (c) External appearance of the microfluidic chip (Y- channel 

configuration).  
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The Y- geometry device was designed with two different type of nozzles; 

ovoid and triangular. For streamlined generation of droplets, it is essential to 

avoid dead volumes in the microchannel. Simulation studies showed that an 

ovoid nozzle was determined to be optimal in reducing the dead volumes in 

comparison to the triangular nozzle (Figure 5.2a). Hence a new device was 

fabricated with the ovoid nozzle configuration (Figure 5.2b).  

The microfluidic device design consisted of additional modules for mixing 

and filtration. The mixing module was incorporated to ensure efficient mixing 

of cell embedded dispersed phase (collagen) and the crosslinker (4S-

StarPEG).  

A filter was placed downstream of the device to replace the continuous phase 

(oil) with media for the maintenance of high cell survival. The presence of 

small side channels (in shape of a toothcomb) on either sides of the main 

channel allow the oil phase to be displaced outside. A simulation performed 

with phosphate buffered saline shows the displacement of oil through the 

narrow perpendicular channels (Figure 5.3).    

Preliminary experiments revealed that that T-channel geometry was more 

effective in generating stable collagen droplets (Figure 5.4). The ease in 

generating droplets in the T-channel is due to no fluctuation in the continuous 

phase flow stream compared with the Y-channel; wherein even minor 

changes in flow rate in either continuous phase streams disrupt the steady 

formation of collagen droplets. The main channel width for the T-

configuration was 500µm and the inlet channel was 100µm.  

The proof-of-concept study demonstrated using unseeded collagen droplets 

can be further developed with the addition of cells. By controlling the flow 

rate the cell numbers per droplet can be optimised as function of droplet sizes. 

Besides, fabrication of collagen embedded microspheres, the device can be 

used for fabrication of drug or nucleic acid encapsulated microparticles for 

tissue engineering or pharmaceutical applications. 
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Figure 5.2: Nozzle configurations for Y-channel device. (a) Fluid flow 

simulation of triangular (left) and ovoid (right) nozzles comparing the dead 

volume residence in the microchannel (b) Y-channel device with ovoid 

nozzle, mixer and oil filter.  
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Figure 5.3 Fluid flow simulation of oil filter module showing 

displacement of the continuous phase with culture media for cell 

immobilisation strategies. 
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Figure 5.4: Formation of unseeded collagen droplets. (a) Stable collagen 

droplets formed using T-channel device configuration (b) collagen droplets 

collected at the collection port with an average size less than 500µm. 
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 5.4.2 Directed Differentiation of Human-Induced Pluripotent Stem Cells 

to Mesenchymal Stem Cells on Microgels 

In addition to the regenerative capacity, MSCs are known to be 

immunomodulatory and secrete anti-apoptotic and anti-inflammatory 

molecules. However, the regenerative potential of MSCs diminish with age 

and aging-related diseases such as cardiovascular disease, hypertenstion, 

type-2 diabetes. Studies have shown a strong age-dependent correlation 

between the proliferative potential and apoptosis of MSCs25. Despite the 

similar phenotypic and surface antigen expression, a recent study has 

demonstrated striking differences in MSCs derived from bone marrow, 

adipose tissue and placenta. The study showed placenta derived MSCs has a 

higher therapeutic efficacy than bone marrow or adipose tissue derived MSCs 

in a hindlimb ischemia model26. Particularly, in degenerative diseases 

decrease in the proliferative and differentiation potential may be a limitation 

for the therapeutic application. Together, the variability in donors cells from 

different tissue sources and heterogeneity in cell populations pose a serious 

concern for therapeutic reproducibility in efficacy studies. These concerns 

can be mitigated with the use of induced pluripotent stem cells (iPSCs). MSCs 

derived from iPSCs express typical surface markers and undergo 

differentiation in to osteo-, adipo-, and chondrogenic lineage. Nonetheless, 

MSCs derived from iPSCs show higher proliferative capacity up to 120 

passages without loss in self-renewal potential27. Like primary MSCs, iPSC 

derived MSCs are also immunoprivileged and possess immunomodulatory 

properties28. However, it is also important to note that donor-specific DNA 

methylation patterns are maintained in iPSC derived MSCs, but tissue 

specific epigenetic differences are erased in the process of reprogramming29. 

These findings may explain the functional relevance of age-related DNA 

methylation changes that remain reset in iPSC derived MSCs and the loss of 

regenerative potential in primary MSCs.  

Three-dimensional culture of iPSCs on PEG-based hydrogel has shown 

higher pluripotency and reprogramming efficiency of iPSCs30. Similar study 

has demonstrated long-term maintenance, expansion human pluripotent stem 

cells on a scalable thermoresponsive hydrogel31. From a stem cell 

developmental perspective, derivation of MSCs from iPSCs in a three-
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dimensional microgel platform will help elucidate mechanistic contributions 

of biochemical and mechanical features of changes in macromolecular 

concentration (Figure 5.5). Further characterisation of the ECMs secreted by 

the MSCs in the microgels can be directly correlated with the changes in cell 

behaviour in a time-dependent manner. 

 

5.4.3 Delivery of MSC Derived Exosomes with Endothelial Cells 

Exosomes or extracellular vesicles are complex intercellular cargo containing 

bioactive molecules or signals that shuttle between cells32. Exosomes have 

also been explored as vehicles for the delivery of interfering or non-coding 

RNAs33,34. Once exosomes are released by the cells, they can remain in the 

extracellular milieu or enter circulation, eventually taken up by target cells. 

Exosomes secreted by stem cells such as MSCs has been shown to have 

beneficial effects in tissue regeneration35. Exosomes released by cells can be 

characterised by membrane proteins such as CD9, CD81, CD63 or protein 

markers such as ALIX and TSG10 that participate in endosomal sorting 

complex required for transport 36. Studies have identified over 700 proteins 

from exosomes secreted by MSCs 37,38. These exosomes contain growth 

factors38, transcription factors that target regulatory genes for cell survival39. 

In addition, one study has shown that MSC-derived exosomes can modulate 

angiogenesis through encapsulated microRNAs (miR-222, miR-21) 40. A 

recent report demonstrates that either canonical secretory proteins or exosome 

encapsulated proteins play a key role in the functionality of MSCs41. Further, 

exposure of MSCs to ischemic tissue environment induces elevated secretion 

of exosomes that are capable of triggering angiogenesis41,42. Endothelial cells 

on the other hand participate in angiogenesis by proliferation, degradation of 

surrounding extracellular matrix and recruitment of supporting cells like 

pericytes and smooth muscle cells43. Human umbilical vein endothelial 

(HUVEC) cells have shown to form robust networks on pliant three-

dimensional hydrogels44. Three-dimensional culture of endothelial cells 

enhances morphogenic and invasive behaviour of endothelial cells via 

extracellular signalling molecules (JamB, JamC, a2b1, MT1-MMP), 

cytoplasmic components (Par3, par6B, CDC42)45. Exosomes carrying stem  
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Figure 5.5: Schematic depicting in vitro directed differentiation of 

induced pluripotent stem cells on a 3D hydrogel platform. 
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Figure 5.6: Schematic depicting co-encapsulation strategy of 

mesenchymal stem cell derived exosomes and human umbilical vein 

endothelial cells to facilitate angiogenesis and tissue repair.  
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cell tyrosine kinase receptor c-kit and stem cell factor (SCF) have shown to 

enhance capillary formation of HUVECs and recruit MSCs to the site of 

tissue remodelling46,47. The potential of exosomes to mediate the angiogenic 

process and capillary forming capacity of HUVECs can be harnessed in a 

modular hydrogel-based platform (Figure 5.6). HUVECs and MSC-derived 

exosomes embedded in a three-dimensional hydrogel can be tested for dose-

dependent enhancement of proliferation and tubulogenesis by endothelial 

cells, which play a key role in angiogenesis.   

 

5.4.4 Delivery of Glycans to Regulate Angiogenesis via Modulation of 

Glycosylation-dependent Cell Interactions 

Glycosylation is a post-translational modification by specific glycosylation 

enzymes, creating a portfolio of complex glycan structures on cell surfaces, 

proteins and extracellular matrix. Glycation patterns can selectively regulate 

cellular trafficking and localisation of molecules that play an important role 

in cell-cell communication and function48,49. In the context of angiogenesis, 

it has been shown that glycosylation enzymes are differentially expressed 

during angiogenesis50. For example, endothelial cell glycome is prone to 

changes in its N-glycan composition; wherein pro-angiogenic cytokines 

stimulate growth of b1,6 N-glycan structures and poly-LacNAc terminal 

elongation. In contrast, exposure to pro-inflammatory cytokines such as IFN-

g or IL-17 caused reduction in the branching of b1,6 N-glycan structures and 

increase in a2,6-sialylation51. Increased sialylation inhibits the binding of 

endogenous galectin-1 which affects endothelial cell mediated pro-

angiogenic signalling51. Other than selective masking and un-masking of 

galectin-1 specific glycol-epitopes, it has also been shown that expression of 

Fringe glycosyltransferase modulates endothelial sprouting via activation of 

Notch ligand (Jagged 1)52,53. Surface expression of VEGFR2 receptor has 

been shown to be linked with binding of N-glycans on integrin avb3 

modulated by galectin-354. Glycans are also known to regulate immune 

responses. Immune cell surface receptors, siglecs bind to glycans with sialic 

acid residues. The extent of glycosylation on siglecs determine the activation 

or inhibition of cells of the innate or adaptive immunity55,56. In order to fully 
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understand the role of glycans in angiogenesis, a thorough profiling of the 

tissue glycocalyx must be performed in both healthy and diseased state 

(Figure 5.7). Once the glycans are identified, they can be synthesized as 

heterogenous glycoclusters57 and delivered for rapid release or controlled 

release using liposomes or microspheres decorated with tissue-specific 

ligands. 

 

5.5 Summary  

Development of an optimal 3D cell delivery platform is key for 

cytoprotection and prolonged cell function in vivo for sustained delivery of 

therapeutic factors as ‘cell factories’. The research undertaken in this thesis 

adds to the current knowledge in cell encapsulation strategies by highlighting 

the preconditioning or priming capacity of biomaterials through cell- material 

interactions. The findings from Chapter 2 and Chapter 4 demonstrate a 

close relationship between macromolecular concentration and mesenchymal 

stem cell behaviour that drive morphological changes, modulation of integrin 

expression and matrix rigidity after 96 hours of in vitro pre-conditioning in a 

collagen-based extracellular environment. The results suggest that the altered 

macromolecular environment influence proangiogenic phenotype of 

mesenchymal stem cells in a concentration dependent manner, and 

subsequently trigger therapeutic angiogenesis in vivo.	 Another clinically 

relevant aspect of the in vivo study was the use of a low-cell dose (up to 20 

times lower that pre-clinical gold standard) in the microgels for tissue repair. 

Hence as a therapy, microgels would not only help faster tissue repair but also 

provide treatment for more patients. Secondly, the development of a pre-

clinical mouse model of hindlimb ischemia described in Chapter 3 enables 

testing of a cell or biomaterial-based therapeutic in a model that mimics 

pathological symptoms of peripheral arterial disease. This model would serve 

as an indispensable tool for the development and in vivo testing of potent 

proangiogenic therapeutics for Critical Limb Ischemia.	 Overall, the 

development of microgel-based stem cell therapy described in this thesis will 

encourage research into newer functional materials to be used in combination 

with stem cells to improve our understanding of the underlying mechanisms 

that trigger tissue regeneration in diseased conditions.  
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A.  List of Reagents/Kits/Instruments 

 

List of Reagents/Kits Source 

Type-I Collagen 
Bovine Tendon ( extracted in the 

laboratory) 

Poly(ethylene glycol) Ether 

Tertrasuccinimidyl Glutarate (4S-

StarPEG) 

JenKem Technologies 

Teflonâ Tape Fisher Scientific  

Sylgard® 184 Silicone Elastomer Dow Corning 

Minimum Essential Media (MEM) 

α – GlutaMAX™ 
ThermoFisher Scientific 

HyClone™ Fetal Bovine Serum Fisher Scientific  

NaCl Sigma Aldrich 

KCl Sigma Aldrich 

Na2HPO4 Sigma Aldrich 

KH2PO4 Sigma Aldrich 

NaOH Sigma Aldrich 

Glutaraldehyde  Sigma Aldrich 

Penicillin/Streptomycin ThermoFisher Scientific 

Chloroform Sigma Aldrich 

Tween20 Sigma Aldrich 

Oil Red O Sigma Aldrich 

TriReagent® Applied Biosystems 

TNBSA (2,4,6-Trinitrobenzene 

sulfonic acid) 
ThermoFisher Scientific 

Proteinase K Sigma Aldrich 

PI/RNase Buffer BD Biosciences 

5-Bromo-2′-deoxyuridine (5-BrdU) Sigma Aldrich 

Anti-BrdU Antibody Sigma Aldrich 

Rhodamine-Phalloidin ThermoFisher Scientific 

DAPI ThermoFisher Scientific 
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List of Reagents/Kits Source 

CD 31 Antibody Abcam 

CD 68 Antibody Abcam 

YAP/TAZ Antibody Abcam 

RNeasy® Microarray Tissue Kit Qiagen 

Epoxy Resin Kit Agar Scientific 

Sodium Cacodylate Sigma Aldrich 

Osmium Tetroxide Sigma Aldrich 

Spectrophotometer ThermoFisher Scientific 

Flow Cytometer BD Biosciences 

Propylene Oxide Sigma Aldrich 

Inverter Fluorescence Microscope Olympus Life Science Solutions 

Live/Dead® Assay Kit ThermoFisher Scientific 

Nanodrop Thermo Scientific 

Bioanalyser 2100 Agilent Technologies 

Thermocycler Applied Biosystems 

RNA Later® Applied Biosystems 

Paraformaldehyde Sigma Aldrich 

Protease Inhibitor Cocktail Sigma Aldrich 

Collagenase I Sigma Aldrich 

SYBR green I master Sigma Aldrich 

Dimethyl Sulfoxide (DMSO) Sigma Aldrich 

MSC Phenotyping Kit Miltenyi Biotec 

xCELLigence® RTCA ACEA Biosciences Inc 

Coomassie Blue G-250 ThermoFisher Scientific 

Anti-Mouse IgG FITC Antibody Sigma Aldrich 

Sodium Azide (NaN3) Sigma Aldrich 
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B.  Isolation of Mesenchymal Stem Cells (MSCs) from Bone    

 Marrow Tissue 

1. Fresh 10 ml unprocessed bone marrow was obtained from 

Lonza Biologics. 

2. 10 ml of bone marrow was aspirated into a 50ml sterile tube 

containing 20 ml autoMACS media ( 2mM EDTA in 1X PBS, 

Miltenyi Biotec). 

3. The diluted cell suspension was filtered through a 70um cell 

strainer (BD FalconÔ). 

4. Approximately 15 ml of the filtered suspension was layered 

over 20ml Ficoll-Paque Plus (Amersham Biosciences) in a 

sterile 50 ml falcon tube and centrifuged for 350g for 20 mins. 

5. The supernatant above the Ficoll layer was removed and the 

white mononuclear fraction was carefully transferred into a 

fresh tube using a pasteur pipette. 

6. The mononuclear cells were resuspended in 10ml autoMACS 

media for washing and centrifuged at 400g for ten mins. 

7. The cell pellet obtained was freshly resuspended in 10ml of 

complete MSC medium (see Section C). 

8. The mononuclear cells were counted using a haemocytometer 

and seeded at a cell density of 1.5X 105cells/cm2 in a T75 flask. 

The flask was incubated at 37°C, 5% C02 and 90% humidity. 

9. After 4 days in culture, the media was aspirated away and 

fresh MSC medium was added. 

10. Media was changed every three to four days till colonies 

became 70% confluent. For all the experiments cells were 

expanded to passage four.  

 

B.1 Sub-culturing of Mesenchymal Stem Cells 

1. MSCs after reaching 70-80% confluence in a T75 flask were 

subcultured by removal of the growth media and brief rinsing 

with Hank’s Balanced Salt Solution (HBSS). 

2. The cells were then incubated at 37°C with 0.25% 
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Trypsin/EDTA (approx. 2ml) for two mins. 

3. Following the incubation, the cells were detached by gentle 

tapping on the flask. 

4. Detached cell suspension in trypsin was neutralized with 

equal volume of complete media and transferred to a sterile 

15ml falcon tube. 

5. The cell suspension was centrifuged at 1400rpm for five mins 

at RT.  

6. The cells were counted using a haemocytometer and re-plated 

at cell density of 1X103/cm2 or centrifuged and re-suspended 

in FBS with 10% dimethyl sulfoxide (DMSO) in 1 ml 

cyrovials for cryopreservation in liquid nitrogen.  

 

C. Growth and Differentiation Procedures 

1. BM-MSC were cultured in complete media at 37C, 5% C02 

and 90% humidity. 

2. MSC complete media was composed of alpha minimum 

essential medium (α-MEM; Gibco), 10% HyClone™ FBS, 

and 1% penicillin/streptomycin. 

3. Population doubling of the MSCs were determined to by 

calculating the initial number of cells and final number of cell 

after harvest.  

4. Initial cell numbers were enumerated based on CFU-F 

(colony forming units) during the first week of primary 

culture. The population doubling was calculated using the 

following formula. 

!" = ln &'()*	,&-	(./012
3('4')*	,&-	(./012 /*(2 

      C.1 Adipogenic Differentiation 

1. Adipogenic induction media (PT-3102B, PoieticsTM, Lonza) 

was used after the hMSCs  were 100% confluent. 

2. SingleQuotsTM containing the following components were 

added aseptically to 170ml of adipogenic induction media.  
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a. L-glutamine 

b. Indomethacin 

c. h-insulin 

d. dexamethasone 

e. IBMX (2-isobutl-l-methyl-xanthine) 

f. MCGS (mesenchymal growth supplement) 

g. GA-1000 (Gentamicin, Amphotericin-B) 

3. Adipogenic maintenance media was prepared by adding 

SingleQuotsTM (below) to 170ml of maintenance media. 

a. L-glutamine 

b. h-insulin 

c. MCGS 

d. GA-1000 

4. Three cycles of induction and maintenance was performed to 

induce adipogenesis. The cells were first supplemented with 

induction media for three days followed by three days of 

maintenance media.  

5. Non-induced control hMSCs were just supplemented with 

maintenance media. 

6. The hMSCs were further maintained for a week and the 

appearance of lipid vacuoles were noted by microscopic 

observation.    

C.2 Chondrogenic Differentiation 

1. Chondrogenic induction media (PoieticsTM, Lonza) was used 

after the hMSCs were 80% confluence or 2.5X105 cells as 

pellet cultures. 

2. SingleQuotsTM containing the following components were 

added aseptically to 185ml of incomplete chondrogenic  

induction media.  

a. L-glutamine 

b. ascorbate 

c. ITS + supplement 

d. GA-1000 
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e. sodium pyruvate 

f. proline 

g. dexamethasone 

3. Lyophilised TGF-b3 (Lonza PT-4124) was resuspended with 

sterile 4mM HCl with 1mg/ml BSA to obtain 20ug/ml final 

concentration. Approximately 5µl of the TGF-b3 working 

solution will convert 10 ml of incomplete chondrogenic 

media into complete media. 

4. Condition the pellet/plate culture in the incomplete media for 

24 hrs. Followed by supplementation with complete media 

(approx. 2-3 ml).   

5. Pellet cultures in falcon tubes are fixed with loosened caps to 

allow sufficient gas exchange. 

6. The hMSCs were further maintained for two to three weeks, 

changing the media every three days. The change in cell 

morphology from fibroblastic to chondrocytic occurs after 

three weeks.    

           C.3 Osteogenic Differentiation 

1. Osteogenic induction media (PoieticsTM, Lonza) was used 

after the hMSCs were 80% confluence. 

2. SingleQuotsTM containing the following components were 

added aseptically to 170ml of osteogenic induction media.  

a. L-glutamine 

b. ascorbate 

c. dexamethasone 

d. penicillin/streptomycin 

e. MCGS 

f. β-glycerophosphate 

3. Once the cells reach confluence, replace the growth media 

with osteogenic induction media. Feed cells every three days 

for two to three weeks. 

4. Non-induced control hMSCs are maintained in normal 

growth media.  
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5. Early signs of osteogenesis can be noted microscopically by 

the change in morphology from fibroblastic shape to cuboidal 

shape with appearance of mineralization.  

 

D. Staining for Differentiation  

Cells were fixed in 4% PFA for 30 mins and rinsed thrice with 

1X PBS. 

       D.1 Oil Red O Staining for Adipocytes                                                                                                                       

Oil Red O stock solution was prepared by dissolving 0.3g of 

Oil Red O in 100ml isopropanol. Stock solution was diluted 

1:1 and applied on the cells for five mins. Excess stain was 

removed with 60% isopropanol, followed by 1X PBS rinse 

twice. 

       D.2 Alizarin Red Staining Osteocytes                                                                            

Alizarin Red 2% working solution was prepared by dissolving 

2g of Alizarin Red in 100 ml distilled water with pH adjusted 

to 4.2. The cells were incubated with the working solution for 

five mins and rinsed with distilled water quickly before 

imaging. 

D.3 Alcian Blue Staining for Chondrocytes                                              

Alcian blue 1% working solution was prepared in 3% acetic 

acid with pH adjusted to 3. The cells on plates or 5µm sections 

were incubated with the stain for 30 mins and rinsed 

thoroughly with 3% acetic acid, followed by 1X PBS wash 

prior to imaging.  

E. Fabrication of Collagen Microgels 

1. Determine the final concentration of collagen (type-I or II) 

(Table E1). 

2. Add the desired volume of collagen to obtain Xmg/ml final 

concentration into an eppendorf tube.    

3. Add 10X PBS to buffer the collagen (vortex for five secs and 

centrifuge for five secs on a benchtop centrifuge). 

4. Add NaOH to neutralise the collagen (vortex for 5 secs and 
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centrifuge for five secs on a benchtop centrifuge).   

5. In a separate eppendorf tube, resuspend the 4S-StarPEG 

(succinimidyl glutarate terminated- 10000Da) in 1X PBS.  

6. Add the resuspended 4S-StarPEG to the collagen+ 10X PBS 

NaOH mix (vortex for five secs and centrifuge for five secs on 

a benchtop centrifuge). 

7. Finally add cells and mix gently to ensure homogenous 

distribution of the cells (DO NOT vortex or centrifuge).  

8. Using a multipipette, aspire all the forming-gel solution and 

dispense 2 µL droplets on the hydrophobic surface (Teflon® 

tape wrapped around a glass slide in a petri dish- see attached 

picture). If the droplets are less than 2 µL they may dry before 

gelation occurs). � 

9. Close the petri dish and incubate for 40 mins at 37°C (Figure 

E1). � 

10. After incubation, aspirate 1ml of warm media and dropwise 

dislodge the microgels from the slide (tilting the petridish). 

11. Collect the microgels with a pasteur pipette (cut the end of the 

pasteur pipette to prevent the gels from getting stuck at the 

orifice of the pasteur pipette) and store in a well plate under 

normal cell culture conditions.  

Table E1: Reference table of components to fabricate 2mg ml-1 microgels. 

Collagen stock is in 5mM acetic acid. The stock concentration 

used for above calculation is 5mg/ml. 

*NaOH volume for neutralization must be adjusted for a fixed 

volume   of collagen in acetic acid before preparing the gel 

solution. 

Final collagen 

concentration 

Collagen 

from 

stock 

(µl) 

10X 

PBS 

(µl) 

1M 

NaOH 

(µl) 

4S-

StarPEG 

in 1X 

PBS (µl) 

Cells 

resuspended  

In 1X PBS 

(µl) 

Final 

volume 

2mg ml-1 80 10 1.6*** 88.4 20 200µl 
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4S-StarPEG is in powder form and must be weighed 

separately for each 200µl gelling solution. (for 2mg ml-1 

collagen in a final volume of 200 µl weigh out 0.884mg- for 

1mg ml-1 0.443mg and 3mg ml-1 1.326mg etc.) 

 

 

 

 

 

Figure E1: 2µl microgel gelling solution deposited on Teflon® tape                   

wrapped around a glass slide. 

 

F. Calculation for Determining Equal Molar Ratios of Collagen to 

4S-StarPEG 

1. One milligram of triple helix type-I collagen has a molecular 

weight (MW) of 526800Da. Hence it consists of 1.9 X10-9 

moles (n (no. of moles) = Mass/MW). 

2. Type-I collagen has 155 primary amines contributed by 

asparagine, lysine, glutamine and arginine. Crosslinking 

collagen with 4S-StarPEG occurs via availability of free 

primary amines 

3. One milligram of collagen contains 8.83X10-7 moles from 

total MW of 1132.9Da amines alone (175600/155). 

4. 4S-StarPEG with four arms has a total MW of 10000Da in one 

milligram. One arm of the crosslinker therefore has a MW of 

2500Da, which is equal to 4X10-7moles.  

5. One full four arm 4S-StarPEG would capture four primary 

amines on collagen giving rise to a total of 2.21X10-7moles 

(8.83X10-7/4).  
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6. Therefore, it will require 2.21 milligrams (10000/2.21X10-7) 

of 4S-StarPEG to crosslink 1mg of collagen. 

Bovine type-I collagen peptide sequence (Source: NCBI 

Protein Database)  

 

G. Hydrophobic Treatment of the Pipette Tips 

1. Weigh Silicone Elastomer Part’s A and B in equal proportion 

(viz. 2gms each) in a glass vial. 

2. Dissolve the elastomer in hexane overnight on a shaker. Make 

sure the cap is tightly secure to prevent evapotation of hexane. 

3. Once the elastomer is completely dissolved to a reasonably 

thin consistency, apply it on the sides of the 1-10ul tips with a 

brush. 

4.  To bind the coating, autoclave the tips in a tip box and dry in 

a drying oven overnight.  

 

H. Determination of the Degree of Crosslinking  

1. Prepare a standard curve with glycine in 0.1M sodium 

bicarbonate at pH 8.5. (0nmol, 5nmol, 10nmol, 25nmol, 

50nmol, 100nmol). 

2. Add 250µl of 0.01% TNBS	 (2,4,6-trinitrobenzene sulfonic 

acid) in 0.5ml of sample and mix well. The dilution of the 

stock solution concentrated at 5% in sodium bicarbonate 

buffer. 
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3. Incubate at 37°C for two hrs to start the reaction. 

4. Add 250µl of 10% SDS and 125µl of 1M HCL. 

5. Measure the absorbance at 335nm. 

6. Before measuring make sure the microgels are sufficiently 

crushed and incubate the mix at 37°C for additional 30 mins.  

 

I. Collagen Degradation Assay 

1. Add 200µl of Collagen (Crosslinked/NonCrosslinked) in each 

well  of 24 well plate. Incubate the samples at 36°C. 

2. Add 500 µl of  0.1% Coomassie Brilliant blue G 250 (made in 

50% methanol and 5% glacial acetic acid) Note* Filter the 

coomassie stain before use. 

3. Leave the gels in the staining solution with gentle shaking 

(35rpm) for six hrs. 

4. Decant the excess stain and add coomassie de-staining 

solution (20% Methanol, 5% Acetic acid in dH2O) 500 

µl/sample for two hrs. 

5. Decant the de-staining solution and rinse three times with 

dH2O. 

6.  Use the final dH2O wash supernatant for blank. 

7. Add 300µl of 0.5-1mg/ml type-I collagenases (C. 

histolyticum) to each sample. 

8. Remove 50µl supernatant at chosen time-points and read 

spectrophotometrically at 595nm. 

 
 

J. Matrigel Assay 

1. Thaw the growth factor reduced matrigel basement membrane 

(BD Matrigel Matrix Growth Factor Reduced, BD Bioscience) 

on ice for eight hrs.  

2. Pipette a volume of 100-130µl of the matrigel into a 48-well 

plate. (Make sure there are no bubbles).  

3. Allow the matrigel to solidify in the incubator for 30 mins. 
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4. Prepare Human Umblical Vein Endothelial Cells (HUVECs) 

to a seeding density of 30,000 cells/well in EBM-2 (basal 

media). Allow the cells to settle for one hour in the incubator. 

5. Add conditioned media/ transwell containing cells in 

treatment matrix. (*If using a transwell system, make sure the 

cells in the transwell are preconditioned in EBM-2 media and 

NOT complete media with serum. 

6. Use two positive controls EGM (growth factor enriched 

media)  and 10% FBS to observe tubule formation. Negative 

control is HUVECS with EBM-2 media. Make sure to have 

four replicates for every treatment group. 

7. Observe for tubule formation after 16 hrs and every six hrs 

thereafter.  Use five to six representative fields of view per 

well to take pictures for analyzing normalized tubule count 

relative to the control. Only consider structures four times the 

length of a cell as a tubule. 

 

K. Bromodeoxyuridine (BrdU) Cell Proliferation Assay 

Pulsing, Harvesting and Fixing Cells from Microgels 

1. Remove media from the wells containing microgels (as much 

as possible). Pipette 2µl of BrdU solution into 2 ml fresh 

media (final concentration of 25 µM)  and add to the well 

containing microgels. 

2. Leave BrdU on the cells for the optimised amount of time (90 

mins for hMSCs) Note:  For other cell types, BrdU pulse time 

must be optimised before the experiment . 

3. 15mins before the end of 90 mins add collagenase to the wells 

( 0.5mg/ml) type-I collagenase. Monitor digestion of the 

microgels. 

4. Once the gels are completely digested, pipette out the cells 

with media from all the wells into a falcon tube. Leave the 

falcon tube at 37C for five minutes. 
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5. Centrifuge the tube at 1500rpm for ten minutes. Remove the 

supernatant and resuspend the pellet in warm  suitable volume 

of 1X PBS (Depending on the size of the pellet). 

6. Filter the cell suspension through a 70 micron filter. 

7. Collect the cell filtrate and centrifuge at 1200 rpm for five 

minutes. 

8. Discard the supernatant and re-suspend the cell pellet in 300 

µl of 1X PBS. 

9. Transfer the cell suspension slowly to a sterile 15 ml falcon 

tube containing 700µl of ice-cold 100% ethanol while being 

vortexed. 

10. Store the cells for up to one week at 4˚C and for longer periods 

at -20˚C. 

 

BrdU-PI Staining  

1. Remove the fixed cells from storage, add 3 ml of 1X PBS to 

the cells and vortex to mix. 

2. Centrifuge the cell suspension at 1,200-2,000 rpm for 10 mins 

at room temperature (RT) / 4˚C and aspirate away the 

supernatant.  

3. Re-suspend the cells in 1 ml of 1X PBS. 

4. Add 1 ml of 4N HCl and mix by brief vortex.  

5. Incubate the cells for 15 mins at RT. 

6. Immediately centrifuge the cell suspension at 1,200 – 2,000 

rpm for 10 mins at RT / 4˚C and aspirate away the supernatant. 

7. Re-suspend the cells in 1 ml of 1X PBS.  

8. Centrifuge the cell suspension at 1,200-2,000 rpm for 10 mins 

at RT / 4˚C and aspirate away the supernatant. 

9. Re-suspend the cells in 1 ml of PBT (PBS + 0.5% BSA + 0.1% 

Tween). Centrifuge the cell suspension at 1,200 – 2,000 rpm 

for 10 mins at RT / 4˚C and  aspirate away the supernatant. 

10. Re-suspend the cells in 200µl of PBT containing the optimised 

dilution of the anti-BrdU antibody (1:20). Incubate the cells at 

RT for 30 mins in the dark.  
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11. Add 1 ml of 1X PBS to re-suspend the cells. Centrifuge the 

cell suspension at 1,200 -2,000 rpm for ten mins at RT / 4˚C 

and aspirate away the supernatant.  

12. Re-suspend the cells in 200 µl of PBT containing the 

optimised dilution(1:20) of the anti-mouse FITC conjugated 

antibody. Incubate the cells at RT for 30 mins in the dark. 

13. Centrifuge the cell suspension at 1,200-2,000 rpm for 10 mins 

at RT / 4˚C and aspirate away the supernatant.  

14. Re-suspend the cells in 500µl of the PI / RNase staining buffer 

for five mins in dark. 

15. Analyse the sample by flow cytometry. Controls required for 

the analysis are No Stain, PI only and BrdU treated with FITC 

conjugated secondary antibody.   

 

L. Flow Cytometry Based Phenotyping for hMSCs 

1. Follow the same collagen microgel digestion steps mentioned 

in steps 3 and 4 of Section K above. 

2. Adjust the cell density to between 5X105- 1X106 for every 

sample and its replicate. 

3. Spin down the cells at 300 G for eight mins. 

4. Re-suspend the cell pellet in 100µl of FACS buffer (1X PBS, 

5% FBS and 0.1% NaN3). 

5. Add 10µl of phenotyping cocktail (130-095-198, Miltenyi 

Biotec) into each of the sample aliquot and isotype cocktail 

(130-095-198, Miltenyi Biotec) into the replicate of each 

sample.  

6. Mix well and incubate for ten mins in dark at 4˚C. 

7. Wash the cells by adding 1-2ml of buffer and centrifuge at 

300G for ten mins. 

8. Re-suspend the cells in 300µl buffer for analysis. 

9. Prepare additional samples from tissue culture plastic for 

setting instrument compensation prior to running the samples. 

10. Split the cells into five aliquots in FACS tubes for PerCP, PE, 

APC, FITC and blank in 100µl of FACS buffer. 
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11. Add 10µl of CD73-Biotin in PerCP, CD105 in PE, CD73 in 

APC, CD90 in FITC. 

12. Mix each aliquot and incubate for ten mins in dark at 4˚C. 

13. Wash each aliquot by adding 2 ml of buffer and centrifuge at 

300G for ten mins. 

14. Add 10 µl Anti-Biotin-PerCP to PerCP aliquot and incubate 

for ten mins at 4˚C. 

15. Wash the PerCP aliquot with 2ml FACS buffer and centrifuge 

at 300G for ten mins. 

16. Re-suspend in 300µl buffer and compensate the instrument. 

 

M. Flow Cytometry Based Evaluation of Cell Apoptosis 

1. Harvest the microgels from the well plate into a 15 ml falcon 

tube.  

2. Remove the excess media and wash twice with 1X 

PBS/HANKS buffer. 

3. Follow the same collagen microgel digestion steps mentioned 

in steps 3 and 4 of Section K above. 

4. Centrifuge the tube at 1500rpm for ten mins. Remove the 

supernatant and re-suspend the pellet in warm  suitable volume 

of 1X PBS (depending on the size of the pellet).   

5. Filter the cell suspension through a 70 micron filter and 

centrifuge the filtrate at 1200RPM for five mins. 

6. Re-suspend each cell pellet in 500 µl of Annexin V binding 

buffer (10mM HEPES, 150mM NaCl, 5mM KCl, 1mM 

MgCl2, 1.8mM CaCl2). 

7. Add 1 µl of Annexin V-FITC conjugate to each sample and 

mix by gentle pipetting.  

8. Incubate the samples on ice for 15 mins.  

9. Immediately before analysis, add 2-5µl of 20µg/ml Propidium 

Iodide solution to the sample.  

10. Analyse gated single cell populations in the FITC and PE-Cy7 

channels. 
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11. Controls required for the analysis are No Stain, PI only, 

sample stained with Annexin V-FITC conjugate only. 

12. Sample double stained with Annexin V-FITC and PI treated 

with Staurosporine- a pro-apoptotic chemical 

 

N. RNA Extraction from Microgels/Tissues 

1. Harvest the microgels from the well plate into a 15 ml falcon 

tube. In case of tissues weigh minimum 50mg of tissue for 

homogenization.  

2. Remove all the excess media without disturbing the settled 

microgels in the tube. 

3. Add 1 ml of Trizol® to the sample while vortexing. The 

microgels will turn white and shrink in size. After this step 

proceed to store the microgels in a 2ml eppendorf  at -80 ˚C. 

4. To continue processing, transfer the samples into homogeniser 

tubes. Ensure the tube adapter of TissueLyser  LT (Qiagen) is 

pre-cooled to -80˚C. 

5. Add one bead in every sample  and mill the samples in the 

tissue lyser at a frequency of 50Hz for 12 mins. Pre-cool the 

tube adapter in -80˚C for another 10 mins and repeat sample 

milling for additional 12 mins. 

6. Add 200 µl of chloroform to each sample containing 1ml trizol 

and shake vigorously for 1 minute and incubate for two mins 

at RT. 

7. Centrifuge the sample at 12000G for 15 mins in a refrigerated 

centrifuge. The mixture seprates into a lower red phenol-

chloroform phase, an interphase and a clear upper aqueous 

phase. The RNA is separted out in the aqueous phase. 

8. Transfer the aqueous phase of the sample into a new labelled 

1.5 mL microcentrifuge. 

9. Add 0.5 mL of 100% ethanol to the aqueous phase and 

incubate at RT for ten mins. 
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10. Load the lysate/ethanol mixture (up to 150 µL) onto a micro 

filter cartridge assembly (Qiagen RNeasy® Micro Kit and 

close the cap. 

11. Centrifuge at high speed for ten secs (repeat for >150µl 

lysate/ethanol mix using the same cartridge for same sample). 

12. The RNA is bound on the filter. Wash the filter with 180µl 

Wash Solution 1 provided in the Micro Kit and pulse 

centrifuge for ten seconds.  

13. Add 180µL of Wash Solution 2/3 and pulse centrifuge for ten 

secs. Repeat this step one more time. 

14. Decant the fluid from collection tube and centrifuge for 1 

minute to remove residual fluid in the filter cartridge. 

15. Transfer the filter cartridge to a new DNase and RNase free 

tube. 

16. Apply 15-20µl preheated(75˚C) elution buffer to the center of 

the cartridge and leave it at RT for one min. 

17. Centrifuge at high speed for 30 seconds. 

18. Add 1/10th volume of 10X DNase buffer to the elute (viz. 2µl 

for 20µl elute) and 1µl of DNase enzyme. 

19. Incubate at 37˚C for 20 mins. 

20. Add DNA inactivation buffer 2.6µl to mix containing 20ul of 

RNA, 2µl DNase buffer and 1µl DNase. 

21. Incubate at RT for two minutes. 

22. Centrifuge at 10,000RPM and store the aqueous supernatant 

in a RNase free tube at -80˚C. 

23. Determine the concentration on NanoDrop™ (Thermo 

Scientific). Good quality RNA gives a characteristic peak at 

260/280nm with a value approximately closer to 2. 

Bioanalyser 2100 (Agilent Technologies) gives a better 

estimation of the quality and quantity. Sample with a RNA 

Integrity value (RIN) value over 8 is acceptable for 

downstream cDNA synthesis.  
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O. Protein Extraction from Microgels/Tissues 

1. Thaw the microgels or tissues preserved in lysis buffer (50mM 

Tris HCl, 2.1% NaCl, 2.5% Triton X-100) with protease 

inhibitor cocktail.    

2. Transfer the tissue in a homogenizer tube as mentioned in 

Section N with a bead for milling. 

3. Homogenise the samples in two 15 minute cyles at 50Hz. 

4. Centrifuge the lysate at 16000G for 20 mins at 4˚C. 

5. Transfer the supernatant to a new tube and determine the total 

protein concentration using the Micro/Mini BCA kit. 

6. Store the sample at -80˚C until further use. 

 

P. Reverse Transcription cDNA Synthesis  

1. To convert RNA to cDNA, adjust all RNA samples to the 

same concentration.  

2. Typically add 5µl of the RNA sample to the reverse 

transcription mix of a total volume of 20µl (High-Capacity 

RNA-to-cDNA™, ThermoFisher) as outlined in the Table P1 

below. 

3. Include a control sample with no reverse transcriptase enzyme 

(RT minus). 

 

Table P1: Reagents for RNA-to-cDNA conversion. 

 

4. Set-up the thermocycler to run the following steps. 

a. 37˚C for 60 mins 

Reagents RT plus 

(µl) 

RT minus (µl) 

2X RT Buffer 10 10 

20X RT Enzyme mix 1 0 

RNase free water 4 5 

Sample 5 5 

Total 20 20 
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b. 95˚C for five mins 

c. 4˚C for 1 hour 

5. Store the cDNA until further use at -20˚C. 

 

Q. Quantitative Real-Time PCR (qRT-PCR) 

1. For qRT-PCR make sure the cDNA samples do not exceed 

10% of the total volume. 

Prepare 25µl PCR mix for a 96-well plate as shown in Table 

Q1.  

 

Table Q1: Reagents for qRT-PCR reaction. 

 

2. Set-up the thermocycler to run the following steps. 

a. 95˚C for ten mins 1 cycle (Polymerase activation step) 

b. 95˚C for 15 secs and 60˚C for 1 minute 40 cycles 

3. Analyse the fold changes relative to the housekeeping gene(s). 

Note there shouldn't be any amplification in the RT minus 

control and cDNA minus control. Ignore any amplification 

after 33 cycles. 

 

R. TEM Sample Preparation for Microgels   

1. Transfer microgels into a 15ml falcon tube and remove excess 

media quickly. 

2. Immediately add 3% glutaraldehyde prepared in 0.2M sodium 

cacodylate buffer for four hrs. 

Reagents  Volume (µl) 

qPCR RT2 Mastermix 

(Qiagen) 

12.5 

RNase free water 9.5-10.5 

Sample 1-2 

Primer 1 

Total 25 
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3. Remove the fixative and wash with 0.1M sodium cacodylate 

thrice (5mins/wash). 

4. Carefully add 1% osmium tetroxide prepared in dH2O to the 

microgels under the fume hood and incubate for two hrs 

(Avoid contact with the chemical- it is hazardous and highly 

toxic). 

5. Remove osmium tetroxide and neutralize it with 3% ascorbic 

acid or corn oil. 

6. Wash the microgels with 0.1M sodium cacodylate buffer 

thrice (5mins/wash). The microgels will appear darker due to 

the osmium treatment. 

7. Prepare graded ethanol solution (30%, 50%, 80% and 100%) 

for sample dehydration. 

8. Wash the microgels sequentially in the increasing order of 

ethanol content for 15 mins per wash.  

9. Remove the 100% ethanol and add propylene oxide and wash 

twice 10 mins each. 

10. Leave the microgels in the final wash and prepare resin 

mixture for ‘medium hard’ blocks. 

11. In order to prepare a quarter batch (sufficient for six samples) 

add the components in the following order 

a. LV Resin            12grams 

b. VH1 Hardner      4 grams 

c. VH2 Hardner      9 grams 

d. LV Accelerator   0.62 grams 

12. Remove all the propylene oxide and infiltrate the resin by 

mixing it with propylene oxide in 2:1 (propylene:resin) ratio. 

13. After the sample settles down, repeat the infiltration with 1:1 

ratio for three hrs. 

14.  Next, add 100% resin to the sample and leave it at RT 

overnight.  

15. Change to fresh 100% resin and ensure the sample sinks to the 

bottom of the peel-away mold or eppendorf. 
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16. Label and bake the sample embedded in resin at 70˚C for 36 

hrs. 

S. Actin Phalloidin Optimised Staining for Microgels 

1. Microgels with cells are fixed with ice-cold 4% PFA. 

2. Wash the cells twice with 1X PBS. 

3. Permeabilise the cells using 1% Triton X-100 prepared in PBS 

for 15 mins on a shaker. 

4. Wash the microgels with 1X PBS thrice (5 mins/wash). 

5. Block any non-specific binding with 3% FCS or 1% BSA for 

30 mins. 

6. Incubate with 1:100 phalloidin prepared in 1X PBS for 15 

mins. 

7. Wash three times in 1X PBS (5mins/wash). 

8. Counterstain with DAPI at 0.1µg/ml in PBS for 1 minute. 

9. Wash with PBS three times (3 mins/wash). 

 

T. YAP/TAZ Staining 

1. Fix cells in 4% PFA for 30 mins for microgels and 10 mins for 

TCPS. 

2. Wash with 1X PBS three times.  

3. Permeabilise the cells with 1% Triton X-100. Microgels for 30 

mins for microgels and 10 mins for cell suspension. 

4. Block at RT for 30 mins for TCPS and two hrs for gels in 10% 

goat serum in 0.1% triton (on rocker). 

5. Incubate with primary YAP/TAZ antibody in 2% goat serum 

PBST for overnight on a rocker at 4˚C in a humidifying 

chamber (Dilution 1:250). 

6. Remove the primary antibody with five mins wash in 0.1% 

PBST wash on rocker. 30 mins three washes for microgels. 

7. Dilute secondary (Only Alexfluor 488- Goat anti mouse IgG) 

1:250 in 2% goat serum for 1 hour at RT in dark on rocker. 

8. Wash with PBS (not with triton) four times- 5 mins each on 

the rocker. 30 mins three washes for microgels. 
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9. Incubate with Hoechst/DAPI at working conc. 1µg/ml for 3-4 

mins. Note: you could consider combining Hoechst/DAPI and 

phallodiin at 1µg/ml for 15 mins before three washes with 

0.1% PBST.  

10. Wash with PBS three times (3mins/wash). 

 

U. Development of a Double Ligation Hind-Limb Ischemia Model 

1. All the surgical procedures were approved by the National 

University of Ireland Galway Ethic Committee and the Health 

Products Regulatory Authority (HPRA), Ireland.  A full SOP 

was commissioned at the university for carrying out this 

procedure (RD/SP/007.02). 

2. Anaesthetize the animal using xylazine and ketamine (50-100 

mg/kg of Ketamine and 5-10mg/kg Xylazine). Please note that 

isoflurane or gas anaesthesia will compromise the Doppler 

imaging outcome and for this reason it is not contemplated in 

this procedure as this method of imaging will be used before 

and after surgery. 

3. Clipping and hair removal (if necessary) are performed in the 

prep-room, which is separate from the surgical room to 

maintain sterility. Both animal limbs are fully shaved from the 

lower abdomen to the ankle. This practice will reduce the risk 

of contamination by the presence of hair and will also facilitate 

the attainment of reliable data on perfusion by removing the 

interference of the hair while scanning.  

4. Care should be taken to ensure that body temperature is 

maintained always to prevent vasodilation/vasoconstriction 

due to fluctuations in body temperature which will affect 

readings on local vascular perfusion. 

5. Once the righting/pain reflexes are absent place the mouse in 

supine position (lying on its back) on the surgical table with 

the limbs fixed and separated with adhesive tape as seen in 

Figure U1A. 
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6. Next, an approximate 1cm long incision is made along the axis 

of femoral artery across the left groin area as illustrated in 

Figure U1A.  

7. The underlying subcutaneous fat and fascia are carefully 

retracted to expose the femoral artery. 

8. With the help of a tissue retractor the overlaying tissue is 

withdrawn for surgical manipulation as seen in Figure U1B.  

9. Using the microscope under 25 times magnification, the first 

two structures identified are the femoral vein (identified as 

“vein” in the image) and the femoral nerve (anterior to the vein 

and identified in the image as “nerve”). The femoral artery (in 

the illustration is the “artery”) is located in a deeper plane 

between these two structures. The femoral artery is identified 

by having a whiter, narrower caliper and a thicker wall, which 

does not allow one to see through the vascular content as the 

vein does. Another useful difference is that the artery pulsates 

as opposed to the vein and nerve. The vein is wider and darker 

than the artery (Figure U1C). The wall of the vein is thin and 

fragile so extreme care should be taken when dissecting this 

structure as it can easily rupture if roughly manipulated. Fine 

blunt dissection tools (blunt hook, ophthalmic forceps), are 

used carefully to separate the femoral artery from the adjacent 

vein and nerve bundle. The structure indicated as ligament in 

the image corresponds to the inguinal ligament, therefore the 

inferior right aspect of the image corresponds to the cranial 

orientation of the mice. 

10. Once the femoral artery is separated, a 6-0 silk suture loop is 

passed under the artery as illustrated in Figure U1D. The loop 

is cut, creating two threads under the artery. The inferior 

thread (left superior in the image) is used to ligate the artery 

just before the branching of the profunda femoris artery, as the 

distal ligation. Using this ligature as an anchorage point, the 

artery is gently pulled inferiorly to access the most proximal 

aspect of the artery.     
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11. The proximal ligation is placed immediately distal to the 

inguinal ligament as per Figure U1E. 

12. After ligating the two ends securely, a pair of microsurgical 

scissors is used to transect between the distal and proximal 

ligations as indicated in Figure U1F. 

13. Once it is ensured that the ligation is successful, the soft 

tissues surrounding the blood vessel bed are placed back in 

position without being sutured. 

14. Skin is closed using single interrupted monofilament 5-0 

VICRYL RAPIDE™ sutures. 

15. Next, a small incision is made immediately below the knee-

cap. 

16. Carefully the artery and the vein are separated, and a 6-0 silk 

suture is passed under the artery as a loop. 

17. The loop is cut and a proximal ligation is placed closer to the 

knee and a distal ligation is place approximately 0.5 cm away 

from the first ligation. 

18. Skin is closed using single interrupted monofilament 5-0 

VICRYL RAPIDE™ sutures. 

19. The animal is then placed on a heating pad to prevent heat loss 

and monitored until it is fully recovered before transferring it 

to the cage. 
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Figure U1: Hindimb Ischemia Surgical Procedure. (A) Figure depicting 

midline incision of the abdominal skin (B) Retraction of the skin to expose 

the vessels (C) Anatomical site of the ligation closer to the inguinal ligament 

above the profunda femoris (D) Separation of the artery from the vein and 

nerve to pass the silk suture from under the artery (E) Cutting of the suture 

loop to form free-ends to place knots adjacent to each other on the artery 

segment (F) Splicing the artery at the centre of two knots introducing an 

permanent occlusion of the artery.  
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V. Stereology Grid Mask to Quantify Blood Vessels 

1. With reference to the Figure V1 below- Capture multiple non-

overlapping regions of the H & E stained tissue at 20X 

magnification. Count the blood vessels/endothelial cells that 

appear to part of blood vessel lumen which hits the un-bolded 

line of the squares on the tissue. 

Figure V1: Stereology grid mask applied in Image Pro® for 

quantifying blood vessel density. 

 

2. Do not count blood vessels that hit the bold line directly or 

crossing across from the unbolded side of the square. 

3. To account for gaps in the sections, take a count of the 

crosshair in the middle of each square where it hits the ‘tissue’  

or the ‘gap’ respectively. For eg- in the above figure, one 

crosshair hits the gap and three hit the tissue, this will give the 

proportion of tissue/gap in a given specimen. 

 

W. Stereology Grid Mask to Quantify Volume Fraction of 

Infiltrating Inflammatory Cells 

1. With reference to the Figure W1 below- Capture multiple 

non-overlapping regions of the H & E stained tissue at 20X 

magnification Count the infiltrated inflammatory cells that 

intersect the points of the grid squares.  
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Figure W1: Stereology grid mask applied in Image Pro® for 

quantifying volume fraction of infiltrating inflammatory cells. 

 

2. Please note- The choice of grid size/spacing is not restricted, 

but once the width and height are determined, the same grid 

mask must be applied consistently to all samples. 

 

X. Tissue Immunostaining  
 

1. Thaw cryosections of muscle tissues and rinse with PBS three 

times ( two minutes each rinse). 

2. Block the sections with 10% normal goat serum in PBS 

containing 0.2% Triton-X for 30 mins. 

3. Dilute the primary antibody (CD31 or CD68) 1:100 in PBS for 

two hours at room temperature or overnight at 4°C. 

4. Remove the primary antibody with three washes with PBS-

Tween 20. 

5. Dilute the secondary antibody (Alexa Fluor® 488/555) 1:100 

in PBS. 

6. Incubate for 60 mins at room temperature in dark. 

7. Counterstain with Hoechst/DAPI at working concentration 

(1µg/ml) for two minutes. 

8. Rinse the section thoroughly with PBS two times (two minutes 

each rinse). 

9. Cover the section with Fluoromount™ and seal with nail 

polish. 

 

 



Appendix
 

	 278	

Y. Design of a Bespoke Water Circulating Chamber 
 

1. A bespoke water circulating chamber was designed to keep the 

mice warm during Laser Doppler imaging. The need for this 

arose due to high variability in the temperatures from the 

heating pads, which caused false positive thermal images from 

the Laser Doppler. 

2. The glass chamber (Figure Y1) was designed by Cambridge 

GlassBlowing Ltd. based in the United Kingdom. 

Figure Y1: Technical drawing of the bespoke double-walled 

glass chamber. 

 

3. The glass chamber was manufactured according to following 

design specification as shown below (inner 130mm Ø 75mm 

height, outer 170mm Ø,90mm height and wall thickness 

5mm). 

 

Z. Sample Preparation for Imaging Mass Spectrometry (MALDI-

IMS) for Glycans and Peptides 

Z.1 Removal of Mounting Medium from Slides 

1. Place the cryosections affixed on ITO sides/targets in the 

dessicator for 20 mins. 

2. Dip the slides in Ultrapure High Quality water (UHQ) for five 

minutes to remove the OCT. 

3. Submerge the slides in 70% ethanol for 15 seconds. 

4. Transfer the slides to 100% ethanol for 15 seconds. 
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5. Wash twice in 10mM NaHCO3 for five minutes. 

6. If antigen retrieval is desired replace the NaHCO3 with 10mM 

citric acid monohydrate pH 6. If no antigen retrieval is needed 

then proceed to step 10. 

7. Bring the coplin jar with slides in citric acid monohydrate to 

boil (ten mins in pulse) in a microwave. 

8. Heat the coplin jar on a heating block at 98˚C for 30 mins. 

9. Wash with freshly prepared 10mM NaHCO3. 

10. Dry the slides in the dessicator. 

 

Z.2 Enzyme Application using Chemical Inkjet Printer  

        (ChIP-1000) 

1. Prior to enzyme application mark the edges around the tissue 

section for mapping the print area on the software. 

2. For peptide digestion, dissolve Trypsin- LyC  20µg in 400µl 

of UHQ water. For PNGase dialyse the enzyme with an 

appropriate MWCO filter and  prepare the enzyme to a final 

concentration to 200units/µl in 25mM NH4HCO3. 

3. Rinse the enzyme reservoir a few times with UHQ water and 

load the enzyme reservoir with the appropriate enzyme and 

close the assembly securely.  

4. Map the tissue on the ChIP software and mark the region of 

interest for enzyme deposition. Adjust the following 

parameters to achieve an optimal stream of isolated enzyme 

droplets from the piezo print head (See Figure Z1 for 

reference). 

a. Pitch size            175µm 

b. Quantity of drop  300pl 

c. Interval drops      6 

d. Dwell time           35-37µs 

e. Dwell voltage      28-33V 

f. Pressure                0.7-1KPa 
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Figure Z1: CCD camera still image of optimally adjusted 

enzyme deposition parameters using the ChIP printer. 

 
5. After enzyme deposition, the slides were incubated at 37˚C 

overnight in a humidified chamber.  

6. Control sections without the enzyme application on the same 

slide or a different slide must be used for comparison analysis.  

 

            Z.3 Matrix Deposition by Sublimation Technique  

1. Weigh the appropriate matrix optimised for detecting 

peptides or glycans with higher signal to noise ratio on the 

mass spectrometer. 

2. For PNGase detection 2,5-Dihydroxybenzoic acid (DHB) 

matrix was used as the carrier matrix. 

3. Pre-weigh the slides prior to matrix deposition to determine 

coating reproducibility. 

4. Dissolve 40mg of DHB in 7ml acetone (The volume is 

adjusted to uniformly cover the sublimation reservoir) by 

vortexing. 

5. Clean the condenser with isopropanol, matrix reservoir with 

acetone and recipient chamber with acetone, followed by 

isopropanol. Dry with a tissue after rinsing. 

6. Set the hotplate at 63˚C. 

7. Clip the slides to the condenser stage with conductive tape. 

8. Turn-on the water circulation for the condenser. 

A 

Piezo Head 

Enzyme Droplets 
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9. Pour the prepared matrix acetone mix into the sublimation 

reservoir set at 63˚C and wait 10 secs for the acetone to 

evaporate and leave a uniform thin layer of matrix on the 

reservoir. 

10. Attach the bottom ‘O’ ring to the reservoir base and assemble 

the recipient chamber to make a tight seal. 

11. Next assemble the condenser on the recipient with the help of 

the top ‘O’ ring. Ensure the slides attached to the condenser 

align with the matrix layer on the sublimation reservoir. Refer 

to the assembly as shown in Figure Z2. 

 

Figure Z2: Assembly of the sublimation device for matrix 

deposition   on tissue sections before MALDI-IMS.  

 

12. Turn on the vaccum pump and wait to achieve uniform 

evacuation reaching 5X10-2mbar. 

13. As soon as the pressure in the chamber stabilizes, set the hot 

plate temperature to 130˚C for the sublimation to begin. 

14. Monitor the sublimation of the matrix through the glass 

window. As soon as all the matrix is sublimated, turn off the 

vaccum pump, hot plate and cooling water circulation. 

15. Evacuate by purging air slowly into the chamber, disassemble 

the apparatus and carefully remove the matrix deposited 
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slides (Figure Z3) affixed with conducting tape on the 

condenser.  

 

 

 

 

 

 

 

Figure Z3: Tissue sections on ITO slides uniformly coated with  

2,5-Dihydroxybenzoic acid (DHB) matrix using the sublimation 

device. 

 

           Z.4 Matrix Re-crystallisation 

1. Prepare 5% acetic acid. 

2. Set the incubator oven at 65˚C. 

3. In a standard glass petri-plate lid affix a metal strip with the 

same dimensions as that of a glass slide. The metal strip acts 

as a heat sink to the tissue slides during matrix re-

crystallisation.  

4. Pre-heat the base of the petri-plate for two mins. 

5. Affix the matrix coated tissue slides (tissue facing up) with 

conductive tape on the petri-plate lid in alignment with metal 

strips.  

6. Add 1ml of 5% acetic acid on a filter paper placed in the pre-

heated base of the petri-plate. 

7. Immediately cover the base with the lid (tissue facing down), 

seal with parafilm and incubate at 65˚C for two mins. 

8. Remove the plate immediately after the incubation and 

uncover the petri-plate to observe re-crystallisation of the 

matrix on the tissue surface.  

9. Let the slides cool at RT for 1 minute and load the slide on 

the Bruker ultrafleXtreme™ slide adaptor for MALDI tissue 

imaging.  
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AA. Research Outputs 

 

AA.1 Manuscripts (Published First Authored- 4, Co-Authored- 3) 

Sunny-Akogwu A.*, Thomas D.*, Browne S., O’Brien T., 

Pandit A., Zeugolis D.I. Co-transfection of decorin and 

interleukin-10 modulates pro-fibrotic extracellular matrix gene 

expression in human tenocyte culture, Sci Rep, 

2016:10;6:20922. 

 

Thomas D., Gaspar D., Sorushanova A., Milcovich G., 

Spanoudes K., Mullen A.M., O’Brien T., Pandit A., Zeugolis 

D.I. Scaffold and scaffold-free self-assembled systems in 

regenerative medicine, Biotechnol Bioeng, 2016:113(6):1155-

63. 

 

Thomas D., Thirumaran A., Mallard B., Chen X., Browne S., 

Wheatley A., O'Brien T., Pandit A., Variability in endogenous 

perfusion recovery of immunocompromised mouse models of 

limb-ischemia, Tissue Eng C, 2016: 22(4),370-81. 

 

Dash B.C., Thomas D., Monaghan M., Carroll O., Chen 

X.,Woodhouse K., O’Brien T., Pandit A., Temporal and dose-

dependent modulation of angiogenesis and inflammation in 

vivo with injectable elastin-based gene delivery platform, 

Biomaterials, 2015:65,126-139. 

 

Thomas D., Fontana G., Chen X., Sanz C., Zeugolis D., 

Dockery P., O’Brien T., Pandit A. A shape-controlled tuneable 

microgel platform to modulate 'angiocrine' responses in stem 

cells, Biomaterials, 2014: 35(31), 8757-66. 

 

Fontana G., Thomas D., Collin E., Pandit A. Microgels prime 

adipose-derived stem cells towards a nucleus pulposus matrix 
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microenvironment, Adv Healthcare Mater, 2014: 3(12), 2012-

22. 

 

Fontana, G., Srivastava, A., Thomas, D., Lalor, P., Dockery, 

P., Pandit, A., A three-dimensional microgel platform for the 

production of cell factories tailored for the nucleus pulposus, 

Bioconj Chem, 2014: 26(7), 1297-306. 

 

Under peer-review 

Thomas D., Timothy O’Brien, Pandit A. Engineering 

customised niches through cell encapsulation, Nat BioMed 

Eng, April 2017. 

   

  Thomas D., Marsico G., Thirumaran A., Chen X., Lukasz, B.,  

Fontana G., Rodriguez B., Marchetti-Deschmann M., O’Brien   

T., Pandit A.  Macromolecular concentration in a 3-D 

microgel environment enhances proangiogenic capacity of 

mesenchymal stem cells at a low-cell density in a severe 

model of critical limb ischemia, Proc Natl Acad Sci USA, 

April 2017. 

 

Pemberton G., Childs P., Tsimbouri P., Jayawarna V., Thomas 

D., Giraldo-Vallejo C., Biggs M., Curtis A., Reid S., Dalby M. 

3D nanovibrational stimulation of mesenchymal stem cells to 

form engineered bone in vitro, Nat BioMed Eng, October 2016 

(Under Revision). 

 

AA.2 Book Chapters  

Sanz Nogués C., Thomas D., Pandit A., O’Brien T., Stem cell 

microencapsulation for therapeutic angiogenesis. In:Loredana 

De Bartolo, Augustinus Bader. Biomaterials for stem cell 

therapy: State of art and vision for the future. Science 

Publishers, New Hampshire,USA. 
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Under peer-review 

Thomas D., Manus Biggs, Pandit A., O’Brien T., Cell carriers 

for bone and cartilage repair in vivo. In: Aaron S Goldstein. 

Biomaterials for Cell Delivery: Vehicles in Regenerative 

Medicine. CRC/Press Taylor & Francis Group, Oxfordshire, 

UK.  

 

AA.3 Research Poster and Podium Presentation 

 (Poster- 4 , Podium- 10 ) 

Thomas, D., Marsico G., Thirumaran A., Chen X., Lukasz B., 

Thompson K., Dockery P., Rodriguez B., Marchetti-

Deschmann M., O’Brien, T. and Pandit, A. A shape controlled 

tunable microgel cell delivery platform for low-dose delivery 

of primed stem cells for in vivo therapeutic 

neovascularization. Podium presentation at the 22nd Annual 

Conference of the Section of Bioengineering of the Royal 

Academy of Medicine, Galway, Ireland, 2016. 

 

Thomas, D., Marsico G., Thirumaran A., Chen X., Lukasz B., 

Thompson K., Dockery P., Rodriguez B., Marchetti-

Deschmann M., O’Brien, T. and Pandit, A. A shape controlled 

tunable microgel cell delivery platform for low-dose delivery 

of primed stem cells for in vivo therapeutic 

neovascularization. Podium presentation at the Tissue 

Engineering and Regenerative Medicine (TERMIS) 

conference, Uppsala, Sweden, 2016. 

 

Thomas, D., Marsico G., Thirumaran A., Chen X., Lukasz B., 

Thompson K., Dockery P., Rodriguez B., Marchetti-

Deschmann M., O’Brien, T. and Pandit, A. A shape controlled 

tunable microgel cell delivery platform for low-dose delivery 

of primed stem cells for in vivo therapeutic 
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neovascularization. Podium presentation at the 10th World 

Biomaterials Congress (WBC), Montreal, Canada, 2016. 

 

Thomas, D., Marsico G., Thirumaran A., Chen X., Lukasz B., 

Thompson K., Dockery P., Rodriguez B., Marchetti-

Deschmann M., O’Brien, T. and Pandit, A. A shape controlled 

tunable microgel cell delivery platform for low-dose delivery 

of primed stem cells for in vivo therapeutic 

neovascularization. Podium presentation at the Annual 

Biochemical Society Irish Area Section, Galway, Ireland, 

2015. 

 

Thomas, D., Fontana G., Chen X., Sanz C., Quondamatteo F., 

Dockery P., O’Brien, T. and Pandit, A. A tuneable microgel 

platform to modulate angiocrine responses in stem cells. 

Poster presented at The Gordon Research Conference on 

Signal Transduction in Engineered Extracellular Matrices, 

Waltham, Massachusetts, U.S.A, 2014. 

 

Thomas, D., Fontana G., Chen X., Sanz C., Quondamatteo F., 

Dockery P., O’Brien, T. and Pandit, A. A tuneable microgel 

platform to modulate angiocrine responses in stem cells. 

Poster presented at the NUI Galway Research Showcase 

Galway, Ireland, 2014 

 

Thomas, D., Fontana G., Chen X., Sanz C., Quondamatteo F., 

Dockery P., O’Brien, T. and Pandit, A. A tuneable microgel 

platform for in vivo cell delivery and revascularisation. Poster 

presented at the 17th American Society of Gene and Cell 

Therapy, Washington DC, U.S.A, 2014. 

 

Thomas, D., Fontana G., Chen X., Sanz C., Madden K., 

Quondamatteo F., Dockery P., O’Brien, T. and Pandit, A.    A 

tuneable microgel platform for in vivo delivery of 
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mesenchymal stem cells. Podium presentation at the College 

of Medicine Postgraduate Research Day, Galway, Ireland 

2013. 

 

Thomas, D., Fontana G., Chen X., Sanz C., Madden K., 

Quondamatteo F., Dockery P., O’Brien, T. and Pandit, A.    A 

tuneable microgel platform for in vivo delivery of 

mesenchymal stem cells. Podium presentation at the 25th 

European Conference on Biomaterials (ESB), Madrid, Spain, 

2013. 

 

Thomas, D., Fontana, G., Baustain C., Thompson K., Sugrue 

T., Lalor P., Dockery P., O’Brien, T. and Pandit, A. An 

optimised microgel for maintaining 3D viable 

microenvironment for human mesenchymal stem cells. 

Podium presentation at the 3rd Tissue Engineering and 

Regenerative Medicine International Society (TERMIS) 

World Congress, Vienna, Austria, 2012. 

 

Fontana G., Collin E., Thomas D., and Pandit A. Optimising 

microgel niches to influence adipose derived stem cells 

differentiation, Podium presentation at the 3rd Tissue 

Engineering and Regenerative Medicine International Society 

(TERMIS) World Congress, Vienna, Austria, 2012. 

 

Thomas, D., Fontana, G., O’Brien, T. and Pandit, A. An 

optimised microgel for maintaining a microniche environment 

for human mesenchymal stem cells. Podium presentation at 

the 9th World Biomaterials Congress (WBC), Chengdu, 

China, 2012. 

 

Thomas, D., Fontana, G., O’Brien, T. and Pandit, A. An 

optimised microgel for maintaining a microniche environment 

for human mesenchymal stem cells. Podium presentation at 
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the Young Life Scientists Ireland (YLSI) Symposium, Dublin, 

Ireland 2012. 

 

Thomas, D., Fontana, G., O’Brien, T. and Pandit, A. An 

optimised microgel for maintaining a microniche environment 

for human mesenchymal stem cells. Poster presented at the 

24th European Society for Biomaterials (ESB), Dublin, 

Ireland, 2011. 

 

AA.4 Research Awards and Honours 

Best Pre-Clinical Study Award. The Journal of Wound Care, 

Mark Allen Group, London, United Kingdom, 2017.  

 

Runner-up Threesis (Thesis in three), NUI Galway Science 

Competition. Talk titled ‘Can We Save Rotting Limbs from a 

Surgeon’s Saw?’, Galway, Ireland, 2016.   

             

Runner-up FameLab Galway and FameLab Ireland Finalist- 

FameLabs is an International Science Communication 

Competition to Communicate any Science Topic in Three 

Minutes. Talk titled ‘Can We Learn to Conduct Our Genetic 

Orchestra?’, Galway, Ireland, 2016. 

             

IonOptix Travel Grant Award for Attending World 

Biomaterial Congress, Montreal, Canada, 2016. 

             

British Society for Matrix Biology (BSMB) Travel Award for 

Attending TERMIS Meeting, Uppsala, Sweden, 2016. 

            

Best podium presentation award at the 22nd Bioengineering 

Ireland Conference, Ireland, 2016. 

             

World Biomaterials Trainee Award at the 10th World 

Biomaterial Congress (WBC), Montreal, Canada, 2016. 
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British Society for Matrix Biology (BSMB) Travel Award for 

Attending Gordon Conference on Signal Transduction in 

Engineered Extracellular Matrices, Massachusetts, U.S.A, 

2014. 

            

Best poster award, NUI Galway President’s Research 

Showcase Awards, Ireland, 2014. 

             

Best poster award, Gordon Research Conference on Signal 

Transduction in Engineered Extracellular Matrices, 

Massachusetts, U.S.A, 2014. 

 

AA.5 Grants 

Short-Term Travel Fellowship, European Molecular Biology 

Organisation (EMBO). The Fellowship Was Awarded to 

Conduct N-Glycan Analysis on Ischemic Muscle Tissues 

Using MALDI-Imaging Mass Spectrometry in Prof. 

Marchetti-Deschmann’s Laboratory at the Technical 

University of Vienna, Austria, 2015. 

 

INSPIRE National Graduate Education Programme in        

Nanoscience and Nanotechnology, Irish Government and 

European Regional Development Fund Award. Grant (€5000) 

Awarded for Device Testing and Technology Transfer of Cell 

Encapsulation Device from Tyndall National Institute to 

National University of Ireland Galway, Ireland, 2014. 

 

National Access Programme, Science Foundation Ireland 

(SFI) Award. Grant (€20,000) Awarded for The Development 

of State-of-the-Art Cell Encapsulation Technology in 

Collaboration with the Tyndall National Institute, Cork, 

Ireland, 2012.   

 


