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Abstract 

Vasculogenesis, the creation of new blood vessels, occurs due to an inherent 
ability of endothelial cells (ECs) to self-assemble and form tubules. 
Additionally, many studies have shown that stromal cells, connective tissue 
cells of any organ, including fibroblasts (FBs), play a vital role in the formation 
and stabilisation of new vessels, mostly chemically by producing and secreting 
growth factors. However, still we lack ground understanding of the mechanical 
contribution of FBs to vasculogenesis. In this study, employing microfluidic 
platforms, we aimed to address the mechanical role of FBs in vascularisation. 

Applying a 7-channel microfluidic platform, we encapsulated ECs with 3 
different conditions: mono-cultured (MC, embedding only ECs within a 
hydrogel), paracrine co-cultured (PCC, embedding ECs and FBs separately in 
two hydrogels) and juxtacrine co-cultured (JCC, embedding ECs mixed with 
FBs in a hydrogel) to investigate the impact of FB presence on formation of 
functional microvessels. Imaging techniques and dextran perfusion revealed 
that the cluster-like structures formed in the device seeded with MC and PCC 
conditions were not functional in terms of perfusability and permeability and 
deteriorated within a week while the microvessels developed in the device 
seeded with JCC condition were functional, well-interconnected and survived 
much longer (~3 weeks), indicating that the direct physical interaction between 
FBs and ECs is crucial for the formation of functional blood microvessels. 

Also, chemical perturbation of mechanotransduction genes, YAP, Src, Wnt/ɓ-
catenin, RhoA, and FAK, in both ECs and FBs, resulted in either the inhibition 
of microvessel formation or the development of microvessels which were 
significantly different in morphology, perfusability, vessel length, diameter, and 
coverage area compared to control microvessels, demonstrating that 
mechanotransduction pathways play key roles in vascularisation. 

Additionally, using siRNA approach, we inhibited the same genes only in FBs 
to examine the mechanical contribution of FBs to vascularisation. This 
revealed that ECs co-cultured with siRNA-inhibited FBs (excluding RhoA) 
retained their ability to form microvessels. However, further characterisations 
demonstrated that the microvessels did not resemble control microvessels in 
terms of permeability, perfusability, tissue stiffness, barrier function, 
morphology, and vessel topology.  

Together, these results highlight the mechanical contribution of FBs to the 
formation, morphogenesis and function of microvessels and suggests that FBs 
are intrinsic mechanical promoters and stabilisers of microvessels. Such 
knowledge on the mechanisms underlying the vascularisation, will be useful in 
further developing vascularisation strategies for organ-specific, disease-
specific, and cancer-specific tissue engineering and regenerative medicine 
applications. 

 

https://en.wikipedia.org/wiki/Connective_tissue
https://en.wikipedia.org/wiki/Connective_tissue
https://en.wikipedia.org/wiki/Organ_(biology)
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Impact Statement 

Without a doubt, owing to their inherent ability to self-assemble and form 

lumens/tubules, endothelial cells (ECs) are the key players in vascularisation. 

In addition to ECs, supporting cells such as fibroblasts (FBs) contribute to 

vascularisation. To date, majority of studies have investigated the chemical 

roles of FBs in vascularisation. A few have studied the role of external 

mechanical cues such as shear stress or ECM stiffness on vascularisation. 

However, there is a gap in the knowledge of the internal mechanical 

contribution of FBs to vascularisation and the molecular mechanisms 

underlying this role of FBs in microvessel formation. 

This study revealed that direct physical interaction between FBs and ECs is 

essential for forming functional microvessels. Besides, by applying small 

molecule inhibitors against mechanotransduction genes, we showed that 

mechanotransduction pathways play key roles in the formation, stabilisation, 

characteristics, topology, and function of blood microvessels. Finally, by 

perturbing mechanotransduction genes in FBs, we showed that FBs 

mechanically contribute to vascularisation through mechanotransduction 

pathways.  

In short, recent work has opened new avenues in microvascular research. We 

showed that the emergence of the unique microvessel mechanical features 

and phenotypes is tightly interlinked with FBs mechanotransduction programs, 

thus suggesting FBs are an intrinsic mechanical promoter and stabiliser of 

microvascular networks.  It sheds light on the molecular mechanisms 

underlying microvessel formation, morphogenesis, stabilisation, and function. 

This can be used to develop in vivo-like engineered microvascular models 

which not only help us understand the fundamentals of vasculogenesis but 

also help us study diseases, develop treatments, screen drugs, and 

vascularise engineered constructs to replace damaged tissues/organs.  
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Fig 2.21: Functionality of conditioned-medium-fed devices. a and b) 

Schematic representing experiment set-up. c) Unlike controls, dextran 
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Scale bar, 150 µm. d) Conditioned medium did not increase microvessels 

perfusability significantly compared to MC fed with growth medium (***P value 
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calculated as percentage. n=9. .................................................................... 80 

Fig 2.23:  Formation of monolayer. a) ECs formed a monolayer by day 7 in 

both medium channels for permeability experiments. This was to stop dextran 
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Fig 2.24: Permeability. a) Schematic of permeability measurement set-up. b) 

Downstream medium channel was less filled to create a head pressure, 

needed to initiate dextran perfusion. c) Microvessels and voids visualisation. 

d) Intensity of dextran in voids increased over one hour. e) Bar chart 

representing permeability values over time. f) Bar chart representing 

permeability coefficient on day 7. n=9. ......................................................... 83 

Fig 2.25: Microvessels length frequency. Histogram representing the 

distribution of the microvessel lengths. n=5. ................................................ 84 

Fig 2.26:  Microvessels diameter. a) Diameter of the microvessels were 

measured at 534 points. Scale bar, 150 µm. b) Small arrows in red show some 

of the lines (in yellow) drawn to measure vascular diameter. Scale bar, 100 

µm. c) Histogram representing the distribution of microvessel diameters. n=3.
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respectively. n=5. c) Bar chart comparing microvessel diameter in different 

conditions. ***P value <.001. n=3. Normalised with respect to control values.
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Fig 3.7: Determination of desired concentration of XAV939. a) Bar chart 

representing the impact of Wnt/ɓ-catenin inhibitor on the viability of both ECs 

and FBs. b) Bar chart showing the impact of Wnt/ɓ-catenin inhibitor on the 

proliferation of both ECs and FBs. n=3. ..................................................... 111 

Fig 3.8: Impact of the inhibition of Wnt/ɓ-catenin pathway on microvessel 

formation. Confocal images of microvessel formation in Wnt/ɓ-catenin-

inhibited devices and controls over the course of one week. Scale bar, 150 

µm. ............................................................................................................. 112 

Fig 3.9: Impact of the inhibition of Wnt/ɓ-catenin pathway on microvessel 

characteristics ï coverage area and diameter. As a result of inhibition of 

Wnt/ɓ-catenin pathway a) microvessels were less dense (***P value <.001) and 

b) smaller in diameter (***P value <.001). n=3. Normalised with respect to 
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Fig 3.10: Impact of the inhibition of Wnt/ɓ-catenin pathway on 

microvessel topology. Bar charts representing the impact of the inhibition of 

Wnt/ɓ-catenin on a) producing branches (**P value =.0017 and ***P value <.001 

for 10 and 20 µM respectively), b) the number of junctions (**P value =.005 and 

**P value =.004 for 10 and 20 µM respectively), c) average branch length (*P 

value =.044), and d) maximum branch length (*P value =.029). n=5. 

Normalised to the control values. ............................................................... 114 

Fig 3.11: Impact of the inhibition of Wnt/ɓ-catenin pathway on 

microvessel function ï perfusability. a) Visualisation of dextran perfusion 

through microvessels formed under different conditions. Scale bar, 150 µm. b) 

Bar chart comparing microvessel perfusability in different conditions (*P value 

=.022, and *P value =.016 for 10 µM and 20 µM, respectively. n=5). Normalised 

with respect to control value. ..................................................................... 116 
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573228. a) Bar chart representing the impact of different concentrations of 
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the impact of different concentrations of FAK inhibitor on cell proliferation. n=3.
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Fig 3.13: Impact of the inhibition of FAK on the formation of 
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a) Bar charts representing the impact of FAK inhibition on a) branching (*P 

value =.014, **P value =.007), b) the number of junctions (**P value =.01, **P 

value =.005), c) average branch length (*P value =.034) and d) maximum 

branch length (*P value =.042.) n=5. Normalised with respect to control values.
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Fig 3.19: Impact of the inhibition of RhoA on microvessel characteristics. 

a) Bar chart representing the impact of the inhibition of RhoA on microvessels 

coverage area (***P value <.001). b) Although a small increase was observed 

in the diameter of microvessels, it was not remarkable. n=3. ..................... 126 

Fig 3.20: Impact of the inhibition of RhoA on microvessel topology. Bar 

charts representing the impact of the inhibition of RhoA on a) branching (**P 

value =.0014), b) the number of microvessel junctions (**P value =.003), c) 

average branch length (*P value =.013) and d) maximum branch length (*P 

value =.033.) n=5. Normalised with respect to control value. ..................... 127 

Fig 3.21: Impact of the inhibition of RhoA on microvessel function - 

perfusability. a) Visualisation of dextran perfusion through microvessels 

formed under different conditions. Scale bar, 150 µm. b) Bar chart comparing 

perfusability of the RhoA-inhibited microvessels with control (**P value =.0045, 

n=5). Normalised with respect to the control value. ................................... 129 

Fig 3.22: Determination of desired concentration of Src inhibitor ï PP2. 

a) Bar chart representing the impact of different concentrations of the inhibitor 

on cell viability. b) Bar chart representing the impact of different concentrations 
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Fig 3.23: Impact of the inhibition of Src on the formation of microvessels. 

3D confocal imaging revealed that the inhibition of Src had no obvious effect 

on microvessel formation by day 4. However, the microvessels treated with 

the inhibitor began to regress from day 4 leaving a less dense less 

interconnected microvessels by day 7. Scale bar, 150 µm. ....................... 131 

Fig 3.24: Impact of the inhibition of Src on microvessel characteristics ï 

coverage area and diameter. a) Bar chart comparing coverage area in 

treated and non-treated microvessels (*P value =.018, ***P value <.001).  b) 

Bar chart comparing the diameter in treated and non-treated microvessels (**P 
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Fig 3.25: Impact of the inhibition of Src on microvessels topology. a) Bar 

charts representing the impact of the inhibition of Src on a) producing branches 

(**P value =.004, and **P value =.0067 for 1 µM and 5 µM, respectively), b) 

number of junctions (**P value =.005), c) average branch length and d) 

maximum branch length. n=5. Normalised with respect to control values.. 133 

Fig 3.26: Impact of the inhibition of Src on the function of microvessels 

- perfusability. a) Visualisation of dextran perfusion through microvessels in 

different conditions. Scale bar, 150 µm. b) Bar chart comparing perfusability in 

Src-inhibited microvessels (**P value =.003, ***P value <.001, n=5.) and control 

microvessels. Normalised with respect to control value. ............................ 135 

Fig 3.27: Determination of desired concentration of IGF-1 inhibitor - 

picropodophyllotoxin. a) Bar chart representing the impact of different 

concentrations of IGF-1 inhibitor on the viability of the cells. b) Bar chart 

representing the impact of the inhibition of IGF-1 on the proliferation of the 
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Fig 3.28: Impact of the inhibition of IGF-1 on vascularisation. a) 3D 

confocal images visualising the impact of the inhibition of IGF-1 on microvessel 

formation over the course of 1 week. Scale bar, 150 µm. b) Bar chart 

comparing coverage area in IGF-1-inhibited microvessels and control 

microvessels (**P value =.007) c) Bar chart comparing diameter in IGF-1-

inhibited microvessels and control microvessels (***P value <.001.) n=3. 

Normalised with respect to control values. ................................................. 137 

Fig 3.29: Impact of the inhibition of IGF-1 on microvessels topology. Bar 

charts representing the impact of the inhibition of IGF-1 on a) microvessels 

branching (**P value =.002), b) the number of microvessels junctions (**P value 

=.002), c) average branch length (**P value =.003) and d) maximum branch 

length (**P value =.002.) n=5. Normalised with respect to control values. .. 138 

Fig 3.30: Impact of the inhibition of IGF-1 on the function of 

microvessels- perfusability. a) Visualisation of dextran perfusion through 
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microvessels in different conditions. Scale bar, 150 µm. b) Bar chart 

comparing perfusability in Src-inhibited microvessels and control microvessels 

(***P value <.001, n=3.) Normalised with respect to control value. ............. 139 

Fig 3.31: Determination of desired concentrations of TGFɓ-inhibitor ï 

SB-431542. a) Bar chart representing the impact of different concentrations of 

the inhibitor on the viability of the cells. b) Bar chart representing the impact of 

different concentrations of the inhibitor on the proliferation of the cells. n=3.

 ................................................................................................................... 140 

Fig 3.32: Impact of the inhibition of TFGɓ on the formation of 

microvessels. 3D confocal images visualising the impact of the inhibition of 

TGFɓ on microvessels formation and morphogenesis over the course of one 

week. Scale bar, 150 µm. .......................................................................... 141 

Fig 3.33: Impact of the inhibition of TGFɓ on microvessel characteristics. 

a) Bar chart representing the impact of the inhibition of TGFɓ on microvessels 

coverage area (***P value <.001), b) Bar chart representing the impact of the 

inhibition of TGFɓ on microvessels diameter (***P value <.001.) n=5. 

Normalised with respect to control values. ................................................. 142 

Fig 3.34: Impact of the inhibition of TGFɓ on microvessel topology. Bar 

chart representing the impact of the inhibition of TGFɓ on a) branching (**P 

value =.005), b) number of microvessels junctions (**P value =.007), c) 

average branch length (**P value =.005, and ***P value <.001), and d) maximum 

branch length (*P value =.014, and **P value =.003). n=5. Normalised with 

respect to control values. ........................................................................... 143 

Fig 3.35: Impact of the inhibition of TGFɓ on the function of 

microvessels. a) Visualisation of dextran perfusion through microvessels in 

different conditions. Scale bar, 150 µm. b) Bar chart representing the change 

in perfusability in different conditions. Normalised with respect to control value. 
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Fig 3.36: Determination of desired concentration of EED-inhibitor, A-395. 

a) Bar chart representing the impact of different concentrations of EED 

inhibitor on the viability of the cells. b) Bar chart representing the impact of 

different concentrations of EED inhibitor on the proliferation of the cells. n=3.
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Fig 3.37: Impact of the inhibition of EED on microvessels formation. 3D 

confocal images visualising the impact of the inhibition of EED on the formation 

of microvessels. Scale bar, 150 µm. .......................................................... 148 

Fig 3.38: Impact of the inhibition of EED on microvessel characteristics. 

Impact of the inhibition of EED on a) microvessels coverage area and b) 

microvessels diameters (*P value =.039 and *P value =.044 for 0.1 µM and 0.5 

µM of the inhibitor, respectively, n=3.) Normalised with respect to control 
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Fig 3.39: Impact of the inhibition of EED on microvessels topology. Bar 

charts representing the impact of the inhibition of EED on a) producing 

branches (*P value =.036, and **P value =.0016) and b) the number of 

microvessels junctions (*P value =.046, and **P value =.0019), c) average 

branch length (**P =.0025), and d) maximum branch length. n=5. Normalised 

with respect to control values. .................................................................... 150 

Fig 3.40: Impact of the inhibition of EED on the function of microvessels 

- perfusability. a) Perfusion of dextran showed that not all the microvessels 

treated with the concentrations of the EED were perfusable. Scale bar, 150 

µm. b) Bar chart representing the impact of the inhibition of EED on the 

microvessels function (**P value =.002, n=5.) Normalised with respect to 

control value............................................................................................... 152 

Fig 4.1: Transfection efficiency. a) Performing WB confirmed the efficient 

inhibitions of the proteinsô expressions. b and c) Graphs compare protein 

expression in control and siRNA-treated cells on day 3 and day 7 after 

transfection. Normalised to ɓ-actin value at each day. n=3. ...................... 171 
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Fig 4.2: Impact of inhibition of genes belonging to mechanotransduction 

pathway on microvessels formation and morphogenesis. a) 3D confocal 

images visualising the impact of the inhibition of YAP, Wnt7b, Src, RhoA and 

FAK in FBs on formation and morphogenesis of microvessels. Scale bar, 150 

µm. b) Bar chart representing the impact of the inhibition of the genes in FBs 

on microvessels coverage area (**P value =.008, ***P value <.001, n=8.) c) Bar 

chart representing the impact of the inhibition of the genes in FBs on 

microvessel diameter (**P value =.004, ***P value <.001, n=3.) Normalised with 

respect to control value. ............................................................................. 173 

Fig 4.3: siRNA-treated microvessel function comparison. a) 3D confocal 

images visualising the impact of perturbation of FAK, Wnt7b, YAP, Src and 

RhoA in FBs on microvessels function. Scale bar, 150 Õm. b) Bar chart 

representing change in perfusability in different conditions (***P value <.001, 

n=9). Normalised with respect to control value. ......................................... 175 

Fig 4.4: Impact of inhibition of mechanotransduction genes in FBs on 

microvessel permeability. a) Bar chart representing the impact of the 

inhibition of YAP, FAK (***P value <.001, n=18), Wnt7b and Src (***P value 

<.001, n=6) in FBs on microvessels permeability. b) At all conditions, the 

values of permeability remained constant over time. Normalised with respect 

to control value. .......................................................................................... 176 

Fig 4.5: Microvessels topology comparison. Bar charts representing the 

impact of perturbation of Src, Wnt7b, YAP and FAK on a) branching (**P value 

=.005 for Src, **P value =.0017 for FAK, ***P value <.001 for Wnt7b and YAP), 

b) the number of junctions (**P value =.0041 for Src, **P value =.0034 for FAK, 

**P value =.0013 for YAP and ***P value <.001 for Wnt7b), c) average branch 

length (**P value =.004 for Wnt7b, *P value =.028 for YAP, and **P value =.006 

for FAK) and d) maximum branch length (*P value =.016). n=5. Normalised 

with respect to control values. .................................................................... 177 
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Fig 4.6: Microvessel length comparison on days 4 and 7 of culture. 

Assessing microvessel length showed that the difference between 

microvessel length happens from day 4 to day 7 of culture. Microvessel length 

calculated as fold change, longest connected microvessel length, normalised 

to MC value at each day. n=5. ................................................................... 178 

Fig 4.7: Impact of inhibition of mechanotransduction genes in FBs on 

microvessels openings. a) Comparison of opening morphologies in different 

conditions. Scale bar, 150 Õm. White arrows denote openings. b) Bar chart 

representing the impact of perturbation of Src (**P value =.0012), YAP, FAK, 

and Wnt7b (***P value <.001) on the number of microvessels openings. c) Bar 

chart representing the impact of perturbation of Src, YAP, Wnt7b and FAK (*P 

value =.018, ***P value <.001) on the width of microvessel openings. n=6. 

Normalised with respect to control value. .................................................. 179 

Fig 4.8: Impact of the inhibition of mechanotransduction genes in FBs 

on barrier function. Bar chart representing a significant decrease in barrier 

function as a result of gene inhibitions in FBs (***P value <.001, n=9). ....... 180 

Fig 4.9: Tissue stiffening. Absolute stiffness measurements showed a 

significant decrease in tissue stiffening when ECs were co-cultured with 

siRNA-treated FBs on day 4 (**P value for Wnt7b =.0061, FAK =.0046, ***P 

value for YAP, Src and RhoA <.001) and day 7 (*P value for Wnt7b =.0261, *P 

value for FAK =.013 and YAP =.0039, ***P value for Src and RhoA <.001). n=3.

 ................................................................................................................... 181 

Fig 4.10: FBs expressing Red Fluorescent Protein. a) Measurement of cell 

viability showed that Puromycin was able to kill all non-resistant cells at 

concentration as low as 1 ɛg/mL. n=3. b and c) 3D confocal images visualising 

FBs expressing RFP. 10X and 20X objectives. Scale bar, 100 Õm. ........... 182 

Fig 4.11: Progression of morphological changes in ECs and RFP-FBs 

during the course of one week. Scale bar, 100 Õm. ............................... 183 
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Fig 4.12: RFP-FBs and ECs interaction. a) a big view of microvessels formed 

by co-culturing of ECs and RFP-FBs. Scale bar 500 Õm. b) High resolution, 

3D confocal images showing RFP-FBs elongating along the microvessels. 

63X objective. Scale bar 25 Õm. ................................................................ 184 

Fig 4.13:  RFP-FB-RhoA and ECs interaction. a) a big view of microvessels 

formed by co-culturing of ECs and RFP-FBs-RhoA. Scale bar, 500 Õm. b) Unlike 

RFP-FBs, RFP-FBs-RhoA failed to be in close proximity of the lumens. Scale 

bar, 50 Õm. ................................................................................................. 185 

Fig 4.14: RFP-FB and ECs colocalisation. a) The graph represents changes 

in colocalisation of RFP-FBs and RFP-FBs-RhoA with microvessels over the 

course of one week. (***P value <.001, n=3). Yellow areas show b) RFP-FBs 

and c) RFP-FB-RhoA
 
colocalisation with microvessels. Scale bar, 300 Õm. . 186 
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Introduction 

Blood vessels supply nutrients and oxygen to tissues and remove CO2 and 

wastes from them. Leucocytes and hormones also travel through blood 

vessels to their target sites1,2. In the human body during embryonic 

development and adulthood, the creation of blood vessels occurs via two 

distinct mechanisms: vasculogenesis and angiogenesis. The former is forming 

new blood vessels from endothelial cells (ECs), and the latter is defined as the 

growth of new blood vessels from pre-existing vessels3ï5. Both processes are 

involved in wound healing, growth, tissue repair, and female reproductive 

cycle1,3,4,6ï8. Additionally, angiogenesis is evolved in vascularisation as a 

response to ischemic and malignant tissues3 as well as in diseases such as 

solid tumour angiogenesis9, arteriovenous malformations10, blindness, also 

age-related diseases including macular degeneration, proliferative diabetic 

retinopathy (PDR), atherosclerosis, and rheumatoid arthritis11. In both 

vasculogenesis and angiogenesis, ECs are the most important players due to 

their inherent ability to self-assemble and form lumens3ï5. In addition to ECs, 

another group of cells named stromal cells, including fibroblasts (FBs), are 

believed to play a key role in vessel formation. 

Many studies have shown that FBs support blood vessel formation chemically 

by producing and secreting growth factors12ï17. Unlike the chemical 

contribution of FBs to the formation and stabilisation of blood vessels that has 

been extensively studied, the mechanical role of these cells has been poorly 

understood.  

Today, there is an increasing need to develop in vitro vascular models to study 

vascularisation fundamentals, develop drugs, study intravasation and 

extravasation of cancer cells, vascularise engineered tissues/organs, and 

study angiotherapy and anti-angiotherapy18. However, to create a 

physiologically more relevant in vitro vascular models which resemble in vivo, 

it is crucial to consider the role of mechanical cues along with chemical 

determinants. Also, the enhanced understanding of fibroblast-mediated 
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microvessel formation could potentially provide alternative therapeutic 

strategies that focus on modulating the mechanobiology of FBs. Over the past 

few years, the mechanical role of FBs has gained increasing attention. 

However, most of the studies about the mechanical role of FBs refer to ECM 

deposition and ECM stiffness and the molecular mechanism underlying it has 

not been fully understood. We hypothesised that this process is mediated via 

mechanotransduction pathways including RhoA, YAP, SRC, Wnt7b and FAK. 

Hence, employing an in vitro system which tries to model vasculogenesis this 

thesis aims to shed light on the mechanical contribution of FBs via 

mechanotransduction pathways to vascularisation.  

Project Objectives 

The ultimate goal of this thesis is to shed light on the neglected mechanical 

role(s) of FBs in the formation and stabilisation of blood microvessels. The 

specific aims of this project are listed below; 

Impact of FBs presence on the formation and stabilisation of blood 

microvessels via 3D in vitro assay of vasculogenesis 

¶ Assessment of FBs-ECs physical interaction on the formation, 

morphogenesis, function, and stabilisation of blood microvessels 

¶ Assessment of the role of mechanotransduction pathways in the 

formation and stabilisation of blood microvessels 

¶ Assessment of the mechanical contribution of FBs to the formation 

and stabilisation of microvessels 

¶ Assessment of FBs-ECs colocalisation in a 3D microenvironment 

The thesis is composed of five main chapters; 

Chapter 1 reviews the natural methods employed by the body to form 

vasculature in vivo, such as angiogenesis and vasculogenesis, and the 

relevant biological background information on solute factors and cells involved 
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in vascularisation. It also briefly describes different mechanotransduction 

genes/pathways involved in vascularisation. The chapter is closed by briefly 

mentioning different in vitro microvessel models. 

Chapter 2 presents the methods utilised to address the first two aims of the 

current thesis in detail. The chapter begins by explaining the microfluidic 

platforms design, mould and device fabrication. It continues by describing 

different cell seeding conditions to assess the importance of FB presence in 

vascularisation, followed by investigating the impact of solute factors on 

vascularisation. In the following, the chapter describes microvessel 

characterisation (microvessel diameter, coverage area, topology, and 

function) and ends by assessing the impact of a lower density of FBs on 

vascularisation. 

Chapter 3 describes experimental work directed at the contribution of 

mechanotransduction/chemotransduction pathways to the microvessel 

formation, stabilisation, characteristics, topology, function and subsequent 

characterisation studies by inhibiting our interest genes in both FBs and ECs 

using small molecule inhibitors (chemical inhibition).  

Chapter 4 covers experimental work and results used to address the 

mechanical role of FBs in vascularisation. It describes how perturbation of the 

genes of interest was experimentally achieved by transfection of siRNAs to the 

FBs followed by co-culturing them with ECs. In addition to the characterisation 

of the microvessels, including barrier function and elastic modulus of the 

hydrogels, the chapter describes ECsô physical interaction (colocalisation) with 

FBs and RhoA-deficit FBs.  

Chapter 5 offers a general conclusion for the present work, preliminary 

developments, and future studies. 
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1.1 Blood Vessels Function and Structure 

Blood vessels play a conventional and crucial role in the transportation of 

nutrients, oxygen, signals, and blood cells to the body's tissues and in taking 

the waste and CO2 away from them1,2. Leonardo da Vinci was the first one 

speculating about the heart and circulatory system. He likened it to a tree 

formed from a seed, the heart, by sprouting roots, blood vessels, which its 

trunk and main branches were the arteries and veins, and its tiny components 

were capillaries6. 

The vessel walls consist of three layers, tunica intima, tunica media, and tunica 

externa (Fig 1.1). The thinnest layer, tunica intima, is a single layer of 

endothelial cells covering the vessels' inner surface and lies on a basement 

membrane. The tunica media is the thickest layer in arteries that consists of 

circularly arranged elastic fibres, connective tissue, and polysaccharide 

substances. This layer is rich in vascular smooth muscle cells (SMCs). The 

third layer, tunica externa, is the thickest in veins and is made of connective 

tissue containing stromal cells, including fibroblasts. Capillaries form the 

smallest vessels of the microvasculature, consisting of only the tunica intima. 

These are surrounded by mural cells, pericytes, and SMCs19. 
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1.2 Formation of Blood Vessels 

In general, there are two distinct processes, vasculogenesis and 

angiogenesis, through which new blood vessels are developed20. 

1.2.1 Vasculogenesis 

During embryonic development and adulthood, as a response to ischemic and 

malignant tissues, blood vessel formation occurs via vasculogenesis. The 

process is defined as creating new blood vessels from collective self-assembly 

of endothelial cells3,4 (Fig 1.2). In such a way, from the mesoderm, the middle 

layer of an embryo, it takes only a few cells to differentiate into a type of cells 

known as haemangioblasts. These cells are bi-potential, which can 

differentiate into either hematopoietic stem cells or angioblasts6. The former 

produces white blood cells, red blood cells, and platelets, and the latter 

contributes to vasculogenesis by differentiating into endothelial cells6,21. 

 

Fig 1.1: Vessels structure. Schematic overview of the structure of arteries, veins and 
capillaries. Reprinted from https://ckgfendi.blogspot.com/2011/12/biology-form-5-lesson-
1.html. 
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Fig 1.2: Vasculogenesis. Schematic representing formation of new blood vessels through 
vasculogenesis which occurs due to inherent ability of endothelial cells to self-assemble into 
functional blood vessels22. 

 

1.2.2 Angiogenesis 

Whereas vasculogenesis is considered the formation of new blood vessels 

from endothelial cells, the construction of new blood vessels from pre-existing 

blood vessels is known as angiogenesis, which occurs in both embryos and 

adultsô bodies in direct response to tissue demands5. Angiogenesis plays a 

crucial role in physiological conditions such as wound healing, growth, 

hypoxia, tissue repair, and female reproductive cycle1,6ï8.  Essentially, there 

are two different types of angiogenesis: 1) sprouting angiogenesis which was 

the basis of Leonardo da Vinci view and proposed since long time ago, 2) 

splitting angiogenesis that was discovered more recently in 1986. Splitting 

angiogenesis is also known as intussusceptive or non-sprouting 

angiogenesis6. Since both sprouting and splitting angiogenesis are triggered 

by hypoxic conditions, they are also known as hypoxia-induced angiogenesis. 

It is worth mentioning that both splitting and sprouting angiogenesis affect 

mainly capillaries, in particular sprouting angiogenesis. However, splitting 

angiogenesis can also occur in arteries and veins. 

1.2.2.1 Sprouting Angiogenesis 

In sprouting angiogenesis, the leading players are endothelial cells. Releasing 

proangiogenic molecules by the angiogenic centre triggers angiogenesis. 

Angiogenic centres could be cells in a tissue that are hypoxic or immune cells 

such as macrophages at a wound's site1,23. Two capillaries are involved in 
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sprouting angiogenesis, where both capillaries give of little sprouts. These tiny 

sprouts migrate towards the angiogenic centre, and finally, they will meet at 

the angiogenic centre and fuse together. This fusion leads to create a 

connection between two capillaries sending the sprouts2. 

The first step to produce such sprouts is known as tip cell selection. The very 

specialised tip cell exists at the tip of a shoot, and there is only one. All 

endothelial cells have a unique receptor, VEGF-R2, on their surface. VEGF-

A, one of the chief angiogenic molecules, binds to this receptor. The cells that 

receive the most significant dose of VEGF-A differentiate into tip cells. The tip 

cells can produce a unique structure, which is called filopodia. One of VEGF-

A functions on endothelial cells is that the tip cells will have these filopodia by 

which the sprouts migrate towards the angiogenic centre24. In addition to 

generating filopodia, the tip cells can also break down the capillaries' 

basement membrane by releasing proteolytic enzymes. The tip cells will then 

be free and pass the basement membrane, moving towards the angiogenic 

centre25. 

Apart from producing filopodia and releasing proteolytic enzymes, the tip cells 

stop their neighbouring cells from becoming tip cells by expressing Delta Like 

Ligand 4 (DLL4) on their surface. The adjacent cells have special receptors 

called notch receptors for DLL4. Binding DLL4 to its receptor on the surface of 

neighbouring cells causes these cells to stop expressing VEGF-R2, leading to 

receiving no VEGF-A so that the adjacent cells will not differentiate into tip 

cells24. 

The next step is the stalk elongation. The tip cell leaves a hole behind, 

migrating towards the angiogenic centre, but the neighbouring cells right next 

to the hole will not move and chase the tip cells. Instead, they begin to 

proliferate, and the newly produced cells will track the tip cell as it migrates 

towards the angiogenic centre. Therefore, there will no longer be a hole at the 

site of the capillary. The adjacent cells keep proliferating, and the newly 

produced cells, also known as stalk cells, go with the tip cells, forming a 
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structure called a sprout1. At this point, the shoot, which consists of a tip cell 

and a stalk (the proliferated cells), still does not contain a lumen. By 

proliferation of the stalk cells, the sprout gets longer and longer. As the stem 

grows and navigates towards the angiogenic centre, there is no basement 

membrane surrounding it. 

The third step is called tubulogenesis, during which the stalks turn into tubes. 

In tubulogenesis, first, the stalk cells press up against each other to form a few 

little holes. These small air packages called vacuoles then fuse and form a 

tube or lumen26. 

The next step after tubulogenesis is when the two sprouts meet and fuse1. The 

capillary is still not complete in this step since there is no basement membrane 

and pericytes and fibroblasts around it. The last step is forming the basement 

membrane surrounding the newly formed capillary, following by recruiting 

pericytes and fibroblasts. Being surrounded by pericytes is a process known 

as pericytes stabilisation27. 

Once the capillary formed, the blood flows down, providing the tissue with 

oxygen. Therefore, if the angiogenic centre produces VEGF-A due to hypoxia, 

it will stop releasing this angiogenic molecule. As a result, sprouting will stop 

additionally1. Fig 1.3 schematically depicts the process of sprouting 

angiogenesis. 
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Fig 1.3: Sprouting angiogenesis. Schematic overview of the process of sprouting 
angiogenesis28. 

 

1.2.2.2 Splitting Angiogenesis 

Intussusception or vascular splitting is an alternative process for 

angiogenesis29. This type of angiogenesis, like sprouting angiogenesis, occurs 

in response to VEGF-A. The difference is that one blood vessel divides into 

two separate blood vessels in splitting angiogenesis. In such a way that two 

endothelial cells forming a vessel start folding back into the lumen, producing 

protrusions and continue folding so that they reach the centre of the lumen 

and close off the wall. While endothelial cells are folding back to form two 

vessels, fibroblasts will follow the endothelial cells migrating towards the 

lumen's centre. When the wall is completed, fibroblasts push the newly formed 

blood vessels away from each other. Once the vessels are separated, 
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fibroblasts and pericytes surrounding them begin to produce and release a 

considerable amount of collagen to separate them and help them establish 

more. In other words, it is fibroblastsô function to detach these newly formed 

blood vessels29,30.  Fig 1.4 schematically depicts the process of splitting 

angiogenesis. 

 

 

 

 

Fig 1.4: Splitting angiogenesis. Schematic overview of the process of splitting angiogenesis. 
Endothelial cells (EC in green) on the opposite sides of a capillary begin to migrate towards 
the centre of its lumen until they meet each other. Fibroblasts (Fb in blue) and pericytes (Pr in 
yellow) help with the stabilisation of these newly formed vessels by producing and releasing 
collagen (Co) fibrils30. 

 

1.3 Vascular Growth Factors 

Many gene products, including different growth factors, play crucial roles in 

forming blood vessels. Among these products, vascular growth factors have 

recently received much attention. These growth factors are categorised based 

on their functionality on endothelial cells. VEGF family (5 members), 

angiopoietin (4 members), and ephrin family (1 member) are considered 

vascular endothelium-specific growth factors. In contrast, fibroblast growth 

factors (FGFs), transforming growth factor ɓ (TGF ɓ), and platelet-derived 

growth factor (PDGF) are considered vascular non-specific growth factors 

because they can act on many other cell types21. Here we briefly mention 

these two types of growth factors and their function in vascularisation. 
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1.3.1 Vascular-Specific Growth Factors 

As mentioned earlier, five VEGF family members, four angiopoietin family 

members, and one member of the ephrin family are known as vascular-specific 

growth factors because they act only on endothelial cells21. 

1.3.1.1 VEGF 

In adults and during the development of embryos, vasculogenesis, 

angiogenesis, and vascular maintenance are regulated by Vascular 

Endothelial Growth Factor (VEGF) family31. Hence, VEGF is considered the 

master regulator of vascularisation in embryonic, adulthood, physiological 

development, and diseases29. VEGF is produced and released by a cell that 

is not supplied with enough oxygen or a cell at a wound's site1,23. Once 

released, VEGF binds to its receptor, VEGF-R2, on endothelial cells' surface, 

leading them to proliferate, elongate and self-assemble to form new blood 

vessels32. In addition to inducing endothelial cells to proliferate and migrate, 

VEGF regulates vascular diameter33. 

VEGF gene has eight exons and seven introns and locates on the short arm 

of chromosome 6. Hypoxia-mediated control of gene transcription controls the 

transcription of the VEGF gene, and alternative mRNA splicing and proteolytic 

processing control the production of different types of VEGF isoforms. 

VEGF189, VEGF165, VEGF121, and VEGF205 are the main isoforms of 

VEGF34. There are different VEGFs classified by their structure, including 

VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, VEGF-F, and Placental 

Growth Factor (PLGF). The main type, VEGF-A, cloned in 198931,35, plays 

several functions in endothelial cells, such as regulating angiogenesis, 

mitogenesis, vascular permeability, vascular tone, and the production of 

vasoactive molecules31,34. Three receptor tyrosine kinases, VEGF-R1 (Flt-1), 

VEGF-R2 (KDR/Flk-1), and VEGF-R3 (Flt-4), mediate the activity of 

VEGF32,35,36. Cell motility is mediated by VEFG-R1, which is expressed on 

endothelial cells and monocytes32,37. VEGF-R2 mediates the proliferative and 
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mitogenic actions of VEGF, as well as vascular permeability. Also, it is 

believed that VEGF-R3, so-called Flt-1, mediates lymphangiogenesis, the 

growth of lymphatic vessels21,32,38,39. Fig 1.5 represents the signalling 

pathways activated by VEGF, which result in angiogenesis. 

 

 

 

 

 

 

 

 

 

Fig 1.5: Signalling pathways activated by VEGF. Activity of VEGF is mediated through 
three receptor tyrosine kinases34. 

 

1.3.1.2 Angiopoietins 

Angiopoietins are 70 kDa glycoproteins that act primarily on the vascular 

networks to regulate blood vessel development and stability40. Angiopoietins 

are considered vascular-specific growth factors because Tie-1 and Tie-2 

tyrosine kinases, receptors for angiopoietins, are explicitly expressed in 

vascular endothelial cells21,41. Studies indicate that the Ang/Tie signalling is 

crucial for vessel remodelling, also for recruitment of mural cells and vessel 

maturation during the development of embryo and adult vessel homeostasis42. 

Four members of the angiopoietin family, Ang-1, Ang-2, Ang-3, and Ang-4, 
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have been identified as the most important partners of VEGFs. They work in 

concert with the VEGF family to form vascular networks21. Ang-1, expressed 

by pericytes, SMCs and fibroblasts, is the regulator of Endothelial cellsô 

phenotype. Park et al. and Nishishita et al. reported that expression of Ang-1 

is elevated in pericytes and SMCs by hypoxia, VEGF-A and PDGF-B43,44. Ang-

1 is a critical growth factor for vessel maturation, adhesion, migration, and 

survival45,25-27. Ang-2 is produced by endothelial cells where various growth 

factors and physiological conditions such as VEGF-A and hypoxia regulate its 

production at the transcriptional level46,30. This member of the angiopoietin 

family expressed by endothelial cells at the angiogenesis sites promotes cell 

death and disrupts blood vessel formation. Ang-2 also disturbs the connection 

between endothelial cells and perivascular cells. However, when in 

conjunction with VEGF, Ang-2 can promote neo-vascularisation41,23. 

1.3.1.3 Ephrin 

Ephrins, also known as ephrin ligands, are cell membrane-associated 

signalling proteins that act as the ligands for Eph receptors. These growth 

factors are considered the largest receptor protein tyrosine kinases with 14 

members. Based on their structure and linkage to the membrane, ephrins are 

categorised into two subclasses, A-subclass and B-subclass. Ephrin-As 

consisting of ephrin-A1 ï ephrin-A5 are linked to cell membrane by a 

glycosylphosphatidylinositol (GPI). This subclass of ephrins has no 

cytoplasmic domain. In contrast with ephrin-As, ephrin-Bs are anchored to cell 

membrane by a single transmembrane domain which comprises a short 

cytoplasmic domain. Ephrin-B contains three members, ephrin-B1 ï ephrin-

B347ï49. 

Ephrins have essential functions during development and adulthood. They are 

associated with axon guidance50, cell proliferation and retinotopic mapping48, 

reverse signalling49 and angiogenesis47.  
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Ephrin-B2 and its receptor, EphB4, carry out important functions during blood 

vessel formation. Ephrin-B2 labels arterial endothelial cells where its receptor, 

EphB4, marks venous endothelial cells. In other words, the arterial and venous 

fate of endothelial cells is determined by Ephrin-B2 and EphB447. 

1.3.2 Vascular-Nonspecific Growth Factors 

Fibroblast growth factor (FGF), transforming growth factors (TGFs), and 

platelet-derived growth factor (PDGF) are considered vascular non-specific 

growth factors because they can act on the function of not only endothelial 

cells but also many other cell types21. 

1.3.2.1 FGF 

FGF family comprises nine members, which are multifunctional regulatory 

peptides. Their effects have been significantly studied on tumorigenesis, 

cardiovascular disease, repair of tissue injury, neurobiology, and embryonic 

development51. FGFs are potent mitogens and chemo-attractants for 

endothelial cells and various mesenchymal cells, including fibroblasts, 

osteoblasts, chondrocytes, smooth muscle cells, skeletal myoblasts, and cells 

of neuro-ectodermal origin. FGFs not only have growth-promoting effects on 

most fibroblastic cell types also stimulates angiogenesis, neovascularisation, 

wound healing, and cell migration51. 

FGF-2, or simply FGF, an FGF family member, is a 13.3 kDa polypeptide that 

was first purified from the bovine pituitary gland in 197552. Acidic fibroblast 

growth factor (aFGF) and basic fibroblast growth factor (bFGF) were the first 

members of this family, which were purified on the basis of their mitogenicity 

toward fibroblasts53. This growth factor is a potent angiogenic molecule in vivo 

and in vitro capable of promoting all phases necessary for new blood vessel 

formation51,54. FGF-2 induces EC proliferation, migration, and angiogenesis in 

vitro. It also regulates several molecules' expression thought to mediate critical 

steps during angiogenesis. FGF-2 also plays a crucial role in developing and 

differentiation of vessel walls by stimulating smooth muscle cell 

https://en.wikipedia.org/wiki/Ephrin-B2
https://en.wikipedia.org/wiki/EphB4
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proliferation51,54.  Besides, it regulates collagen type I production and laminin 

production, one of the most important biological substances both participate in 

angiogenesis by the periodontal ligament-derived cell. Applying FGF-2 at the 

early phase of the wound healing process leads to many new capillaries51. 

1.3.2.2 TGFs 

Transforming growth factors (TGFs) and platelet-derived growth factor 

(PDGF) are produced by platelets, fibroblasts, and transformed cells 55,56. The 

name of TGF comes from their ability to alter the phenotype of the cells in their 

presence56. TGFɓ with 25 kDa molecular weight can be found in tumours and 

normal cells such as kidney, placenta, and platelets56. A low concentration of 

TGFɓ triggers microvascular endothelial cells' proliferation and angiogenesis, 

whereas its high concentration inhibits these processes in vitro57. 

TGFɓ is considered the major modulator of angiogenesis in wound healing as 

it regulates cell proliferation, migration, capillary tubule formation, and ECM 

deposition. Three TGFɓ isoforms, TGFɓ1, ɓ2, and ɓ3, are expressed in the 

mammalian system and bind to the same receptors and elicit similar biological 

responses when tested on most cell cultures58. Yang et al. showed that TGFɓ 

promotes angiogenesis through stimulating EC migration, differentiation, and 

tubule formation59. Some other studies indicated that TGFɓ stimulates 

angiogenesis by deposing ECM and upregulating their integrin receptors60ï62. 

Roberts et al. showed that TGFɓ injection into the nape of the neck in neonate 

mice led to an increase in macrophages, fibroblasts, collagen production, and 

new capillaries formation63. 

1.3.2.3 PDGF 

Platelet-derived growth factor (PDGF)-BB is another key chemoattractant for 

migrating mural cells that express PDGF receptor-ɓ. This chemoattractant is 

among the signalling pathways involved in smooth muscle development and 

differentiation64. By secreting PDGF-ɓ, endothelial cells recruit mural cells52. 
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1.4 Cells Involved in Vascular Formation 

Three groups of cells, endothelial cells, mural cells, and stromal cells, are 

involved in the formation and stabilisation of blood vessels. Table 1.1 

summarises these cells, their function and markers.  

 

 

 

1.4.1 Endothelial Cells 

Based on their structure and functions, blood vessels can be divided into three 

major groups, arteries, veins and capillaries. Regardless of what layers these 

vessels could comprise, the inner surface of all of them is covered with a very 

thin mono-layer of endothelial cells, called the endothelium. 

Endothelial cells are given rise by mesoderm, the second layer of an embryo 

sandwiched between ectoderm and endoderm69. Originated from their 

common precursor called angioblasts in the mesoderm, endothelial cells 

differentiate into specialised endothelial cells of arteries, veins, and capillaries. 

To develop organ-specific phenotypes, endothelial cells forming capillaries 

then differentiate further70,71.  The vessels are different in their functions such 

Cell Type Common Marker(s) Ref 

Endothelial Cells 
 

- PECAM-1 65 

Mural Cells 

Pericytes 
 

PDGF+/FSP1- 66 

 
vascular Smooth Muscle Cell 

(vSMCs) 
 

Ŭ-SMA,  SM22a 67 

Stromal Cells 

 
Mesenchymal Stem Cells 

(MSCs) 
 

StroȤ1, SSEAȤ4, CD271, 
CD146 

68 

Fibroblasts 
 

PDGF+/FSP1+ 66 

Table 1.1: Cells involved in vascularisation and their markers. As, there is no pericyte-
specific and fibroblast-specific marker, a combination of markers is used to identify them. 
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as permeability, response to cytokine exposure, ability to attract immune cells, 

and tumour cells adhesion affinity owing to the different phenotypes72. 

Apart from the Platelet  Endothelial Cell Adhesion Molecule-1 (PECAM-1), also 

known as CD31/endo-CAM, which is a universal and particular marker of the 

endothelium, endothelial cells are identified by expression of von Willebrand 

Factor (vWF) and specific receptors for VEGF such as VEGF-R1 (Flt-1) and 

VEGF-R2 (Flk-1)65,71,73,74. 

Owing to their relative ease of procurement and extensive characterisation, 

Human Umbilical Vein Endothelial Cells (HUVECs), the first endothelial cells 

successfully cultured73, have been commonly used in microfluidic 

microvascular models. When removed from their native environment and 

cultured in vitro, vessel-specific endothelial cells partially dedifferentiate 

because they owe their specification to both inherited epigenetic modifications 

and local environmental cues. However, by adequately providing the 

biochemical, mechanical, and physical environment, endothelial cells' 

phenotype can be maintained in microfluidic microvascular models. 

1.4.2 Mural Cells 

Mural cells generally refer to cells surrounding and wrapping around blood 

vessels. They are in close contact with endothelial cells. Among the most well-

known mural cells are pericytes that wrap around capillaries and vascular 

smooth muscle cells (vSMCs) surrounding larger vessels1. 

1.4.2.1 Pericytes 

A population of contractile cells laid on capillaries was first described by a 

French scientist named Charles-Marie Benjamin Rouget in the late 1800s. 

Initially, this population of cells was named Rouget cells, but they were 

renamed pericytes because they were in peri-capillaries area60. For more than 

100 years post-describing by Rouget, due to their low numbers and lack of 

specific cell markers, pericytes have not been isolated. Duffy et al. could 
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recently isolate them from transgenic mice, and Crisan et al. isolated them 

from human fetal tissue75,76. Since there is no pericyte-specific marker, a 

combination of marker expression and their anatomical location in a very close 

relationship between blood vessel endothelial cells is the strategy used to 

identify pericytes. For instance, both fibroblasts and pericytes express PDGF 

receptor-ɓ (PDGFRɓ), but in contrast with pericytes, fibroblasts express 

fibroblast-specific protein 1 (FSP1) as well. Therefore, a population of cells 

expressing PDGFRɓ that does not express FSP1 is considered pericytes66. 

Pericytes are polymorphic, elongated, multi-branched peri-endothelial cells 

covered by the basement membrane. Based on their location and histological 

characteristics, there are at least three types: pre-endothelial cell capillary 

pericytes, capillary pericytes, and post-capillary venule pericytes77. 

Microvascular pericytes wrap around the capillaries and crosstalk with 

endothelial cells by physical contact and paracrine signalling66, essential for 

normal blood vessel development77.  

Pericytes play essential roles in physically stabilising vessels, blood flow 

regulation78, vascular development79, vascular morphogenesis and 

stability45,80, and microvascular remodelling. Both endothelial cells and 

pericytes produce a basement membrane indicating the importance of 

pericytes-endothelial cells interaction in the formation, maintenance, and 

remodelling of the basal lamina. They are also associated with allowing 

endothelial cells to differentiate, proliferate, and develop vessel branches 

(angiogenesis). TGF-1 expression by endothelial cells and pericytes sustains 

endothelial cell-pericyte interaction. This interaction is essential to inhibit the 

proliferation of endothelial cells45. Owing to their contractile properties, 

pericytes play a solid role in the regulation of capillary blood flow and 

diameter81. Stimulating retinal pericytes electrically, Peppiatt et al. showed that 

pericytes control capillary diameter in whole retina and cerebellar slices. Their 

findings indicate that pericytes are likely regulators of capillary diameter 

because the changes in diameter of capillaries occur where the capillaries are 
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wrapped by pericytes not in pericyte-free regions82. Through specialised 

junctions, pericytes also produce focal contacts with endothelial cells. In 

organs, including the central nervous system where pericytes are found 

frequently, these cells may play a role in microvasculature's mechanical 

stability. They stabilise the vessels by Extra Cellular Matrix (ECM) deposition 

and/or by secreting and activating signals that induce differentiation and 

quiescence of endothelial cells83.  Armulik et al. showed that pericytes 

deficiency increases the blood-brain barrier (BBB) permeability to a range of 

low-molecular-mass and high-molecular-mass components84. Although 

endothelial cell sprouts may initially form without pericytes involvement, 

pericytes are among the first cells to invade newly vascularised tissues 

through paracrine PDGF-ɓ signalling, indicating their essential role in 

vasculogenesis77. The quiescence of blood vessels in adults can be disturbed 

by pericytes during wound healing and tumour growth, making pericytes a 

promising target in pharmacological therapy85,86.  

1.4.2.2 Vascular Smooth Muscle Cells (vSMCs) 

In contrast to pericytes that surround capillaries, vascular Smooth Muscle 

Cells (vSMCs) are another type of mural cells that wrap around larger vessels. 

vSMCs are found in tunica media87. In small vessels like arterials, where 

pressures are not so significant, 1-2 layers of vSMCs are adequate. In larger 

vessels such as arteries, up to 40 layers are necessary since forces are 

considerable88.  The main function of vSMCs is contraction, by which they 

regulate vessel diameter. Besides, the cells remodel the vesselsô walls and 

thereby provide vessel integrity by regulation of vascular tone and synthesis 

and decomposition of the matrix89. To accomplish these functions, normal 

adult vSMCs are identified by the expression of a profile of specific contractile 

proteins such as Ŭ-Smooth Muscle Actin (Ŭ-SMA), Smooth Muscle Myosin 

Heavy Chain (SMHHC), SM22Ŭ and smoothelin64, ion channels, calcium 

handling proteins, and cell surface receptors that serve to regulate contraction 

of the cell90. Although fully differentiated or mature vSMCs barely proliferate, 
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during vasculogenesis, endothelial cell dysfunction, and at the site of a wound, 

they may dedifferentiate and, by changing their phenotype begin to produce 

and release ECM64,91. It was demonstrated by Orlidge et al. that pericytes and 

vSMCs inhibit endothelial cell growth by a mechanism that requires contact or 

proximity92. 

Through a variation of the coated channel technique, vSMCs have been 

applied to microfluidic microvascular models. For instance, using an 

orthogonally micro-patterned circular microfluidic channel, Choi et al. formed 

an in vivo-like smooth muscle cell layer19. In another example, perfusable 

multilayer vessels were created in a microfluidic device made of PDMS by 

sequentially seeding cell-laden GelMa hydrogels around concentric needles93.  

1.4.3 Stromal Cells 

Connective tissue cells of any organ are known as stromal cells that support 

the function of the organ's parenchymal cells. Fibroblasts are the most 

common stromal cells, and mesenchymal stem cells are another group of 

stromal cells. 

1.4.3.1 Mesenchymal Stem Cells (MSCs) 

Mesenchymal stem cells, first introduced by Friedenstein, are multipotent 

stromal cells that can differentiate into and give rise to osteoblasts (bone cells), 

chondrocytes (cartilage cells), myocytes (muscle cells), and adipocytes (fat 

cells). Pericytes and MSCs have some properties in common as it is thought 

that after activation, pericytes leave the vessels and differentiate into MSCs, 

though this has not been proved94. Studies also show that fibroblasts are also 

able to differentiate into MSCs69. Sobrino et al. and Ghajar et al. have shown 

that Normal Human Lung Fibroblasts (NHLFs) play the role of both stromal 

cells and mural cells in microfluidic microvascular models95,96.  Their findings 

proved the phenomenon observed by Jeon et al. They could generate a 3D 

functional microvascular network recruiting human MSCs in microfluidic 
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systems in which bone marrow-derived MSCs formed vascular networks and 

initiated to express Ŭ-SMA97. 

1.4.3.2 Fibroblasts 

Fibroblasts, the most common stromal cells, were first reported over 100 years 

ago. These spindle-like shape cells are characterised by other cells by their 

morphology, ability to adhere to plastic, and lack of markers that indicate other 

cell lineages. Although there are several well-established indicators of 

fibroblast phenotype, none is exclusive to a particular group of fibroblasts and 

can be found in all different types of fibroblasts. However, FSP1 seems to 

provide the best specificity for detecting fibroblasts in vivo. Besides, several 

markers can be considered site-specific indicators (Table 1.2). For example, 

desmin is a specific marker for fibroblasts in the skin, whereas it is strongly 

expressed in muscle cells in other sites98,99. These non-vascular, non-

epithelial, and non-inflammatory cells synthesise and secrete various 

important extracellular matrix components such as collagen type  I, III, V, and 

also fibronectin when embedded within the fibrillar matrix98,100. Fibroblasts are 

significantly involved in ECM deposition, epithelial differentiation, inflammation 

regulation, and wound healing101,102. By producing collagen type IV and 

laminin, fibroblasts contribute to basement membrane formation103. Another 

vital function of fibroblasts is the maintenance of ECM homeostasis by 

producing and releasing ECM-degrading proteases such as matrix 

metalloproteinases (MMPs)103,104. Like endothelial cells, fibroblasts are also 

involved in angiogenesis98. 
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Table 1.2: Fibroblasts site-specific indicators. No marker is exclusive to fibroblasts and 
can be found in all fibroblasts, but some indicators can be considered site-specific markers for 
the fibroblasts of that organ98.  

 

 

 

 

 

 

 

 

 

 

 

 

1.5 Roles of Fibroblast in Vascularisation 

As mentioned above, fibroblasts are the most common stromal cells of 

connective tissue in the human body. These cells are different, based on which 

organ they originate99. Many studies have shown their critical roles in the 

formation of blood vessels. For example, although endothelial cells seeded 

onto Matrigel and supplied with adequate growth factors rapidly migrate, 

proliferate, elongate, and form capillary-like tubes, these constructs 

deteriorate within 1-2 days. In contrast, in the absence of exogenous growth 

factors, fibroblasts can promote endothelial cell differentiation and stabilise 
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capillary-like tubes for several weeks, indicating the importance of these cells 

in vasculogenesis and angiogenesis12,13. 

The findings of another study performed by Velazquez et al. proved the 

previously mentioned results. They plated human microvascular endothelial 

cells (HMVECs) monolayer and induced them to form 3D, capillary-like 

microvessels by covering them with a collagen layer followed by another layer 

of collagen with embedded fibroblasts. Detachment and migration of 

endothelial cells toward the collagen layer happened within the first few hours, 

and the formation of tube-like structures occurred over the next 4-5 days. Their 

results showed that the differentiation into branching capillary-like structures 

depended on direct interaction between fibroblast-endothelial cell contact 

owing to the fact that such a differentiation did not occur when fibroblasts were 

replaced by other cells14.  

It is well known that the transplantation of fibroblasts accelerates angiogenesis 

around wounds by stimulating the secretion of various growth factors. It has 

been shown that dermal fibroblasts play important roles in the deposition and 

destruction of the matrices in a wound and control angiogenesis in the tissue 

through cytokines such as VEGF, bFGF, and others15.  Martin et al. showed 

that matrix-bound fibroblasts increase angiogenesis and migration of 

endothelial cells by producing and secreting factors such as VEGF and 

hepatocyte growth factor or scatter factor (HGF/SF)16. In another study, 

applying a monoclonal antibody against VE-cadherin showed that the 

formation of tubule stimulated by fibroblast-derived growth factor is prevented, 

indicating that fibroblasts may regulate angiogenesis by changing VE-cadherin 

expression of endothelial cells17. 

By culturing microvessels with and without fibroblasts, Villaschi et al. 

demonstrated that fibroblasts' presence promotes angiogenesis and stabilise 

neovascular endothelium. Microvessels cultured without fibroblasts 

deteriorated within 3 to 4 days, while the microvessels cultured with fibroblasts 

were significantly prolonged. This was associated with ECM deposition by 
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fibroblasts that stabilised newly formed vessels. Their results showed that both 

fibroblasts and fibroblast-conditioned medium promoted angiogenesis in the 

rat aorta assay105. 

The formation of collagen, the most common ECM protein, depends on 

ascorbate106,107. By culturing their model of endothelialised-reconstructed 

connective tissue without ascorbate, Berthod et al. decreased the amount of 

ECM surrounding fibroblasts to prove the importance of these cells to promote 

the formation of capillary-like tubes by endothelial cells through deposition of 

ECM. ECM deposited may help the cells trap growth factors secreted by 

fibroblasts and increase 3D cell organisation106. Recruiting two types of human 

dermal fibroblasts, Costa-Almeida et al. showed that different fibroblasts are 

of various abilities to promote vascularisation, probably due to the expression 

of varying levels of Ŭ-SMA and podoplanin, a small mucin-like protein, and 

production of ECM107. Fibroblast-endothelial cell interaction, the formation and 

long-term stabilisation of capillary-like tubes in fibroblast-endothelial cell co-

culture depend on nonsoluble factors, HGF/SF, in the ECM108. 

Fibroblasts support both vessel sprouting and lumen formation by producing 

and releasing two different classes of proteins. A combination of angiopoietin-

1, angiogenin, hepatocyte growth factor, transforming growth factor-Ŭ, and 

tumour necrosis factor is necessary for endothelial cell sprouting. In contrast, 

a combination of collagen I, procollagen C endopeptidase enhancer 1, 

secreted protein acidic and rich in cysteine, transforming growth factor-ɓï

induced protein ig-h3, and insulin growth factorïbinding protein 7, all of ECM 

and produced by fibroblasts are essential for endothelial cell lumen 

formation109. In a study performed by Nakatsu et al. endothelial cell-coated 

beads were embedded in a fibrin gel with and without dermal fibroblasts 

seeded on top of the gel. Over seven days post-seeding, many thin vessels 

were formed from the beads in the presence of skin fibroblasts. At the same 

time, endothelial cells began to detach and migrate from the beads in the 

absence of fibroblasts without forming any vessels, indicating the importance 
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of fibroblasts in vessel formation110. In a fascinating study, a 3D tissue-like 

stromal environment (fibroblast-endothelial cells spheroids) was applied to 

verify that fibroblasts support and modulate endothelial cells migration, 

viability, and network formation111. 

Apart from mediating angiogenesis chemically via producing growth factors, 

fibroblasts also regulate angiogenesis mechanically via cell-mediated scaffold 

disruption, extracellular matrix deposition, and ECM remodelling. Hurley et al. 

demonstrated that interaction between fibroblasts and endothelial cells results 

in greater construct stiffness via decreased expression of fibroblast matrix 

metalloproteinase-2 and increased collagen I deposition when endothelial 

cells are co-embedded with fibroblasts. In other words, fibroblasts regulate 

capillary morphogenesis chemically, via secretion of growth factors and 

mechanically via cell-mediated scaffold disruption, ECM deposition, and ECM 

remodelling112. Other studies also showed that fibroblasts regulate 

angiogenesis by altering the mechanical properties of ECM via deposition of 

matrix and metalloproteinase-mediated extracellular matrix remodelling113,114. 

Apart from matrix deposition, Cancer-Associated Fibroblasts (CAFs) support 

vessel formation mechanically. In such a way, the inhibition of 

mechanotransduction pathways, including Rock, YAP, and Snail1 in CAFs co-

cultured with endothelial cells, attenuated vascular growth. Utilising magnetic 

microbeads to induce mechanically-inhibited CAFs mechanically and 

overexpressing Rho in normal breast fibroblasts increased vascular growth, 

indicating the importance of mechanical support of fibroblasts in the formation 

of microvessels115. 

1.6 Mechanotransduction Pathway 

Living cells constantly receive mechanical cues from ECM as well as from their 

adjacent cells. Such stimuli are transformed into biological responses through 

the intracellular molecular processes, called mechanotransduction. This helps 

the cells adapt to the continuous dynamic changes of the surrounding 
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microenvironment. A variety of mechanosensitive molecules such as integrins, 

Focal Adhesions, ion channels, G protein coupled-receptors, growth factor 

receptors receive and transfer mechanical signals to cells by activating 

different mechanotransduction pathways116,117. Of all, we will mention FAK, 

RhoA, YAP, Src, and Wnt/ɓ-catenin in greater detail. 

1.6.1 FAK 

Plasma membrane is the primary site of force transmission to cells because it 

enables direct contact between the cells and ECM. Focal Adhesions (FAs) are 

developed beneath the plasma membrane when cells contact stiff 

microenvironments. These large multiprotein structures are the leading 

centres for cell-matrix interaction. FAs are responsible for receiving 

mechanical stimuli from ECM, transferring them to the cellular cytoskeleton as 

well as transmitting the forces generated by the cells to ECM. Their 

construction makes their mission possible as FAs compose two parts, 

transmembrane and intracellular parts. The former is in direct contact with 

ECM components, namely integrins, fibronectin, vitronectin, collagens, and 

laminins, while the latter serves as the intermediate part between the 

transmembrane part and ECM. FAs compose 200 different proteins, including 

focal adhesion kinase, Talin, Paxillin, Vinculin, Zyxilin, p130Cas, and Actinin118. 

Of all, we mention focal adhesion kinase (FAK) in greater detail. Fig 1.6 

illustrates FAs members. 
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                     Fig 1.6: Schematic illustrating focal adhesionôs members116.  

 

 FAK is one of the first proteins recruited to forming FAs. It is activated by 

autophosphorylation. When activated, FAK triggers intracellular 

mechanotransduction by activating downstream mechanotransducers, 

particularly SH-2-domain containing proteins such as the Src family within the 

given cell, resulting in full FAK activation116,119. By transferring physical stimuli 

produced by integrins to the cytoskeleton, FAK plays a key role in cell growth, 

proliferation, survival, adhesion, migration (by stimulating metalloproteinase 

secretion), and differentiation118ï120. Unlike FAK-expressing fibroblasts that 

can respond to exerted forces by adjusting their movement direction and 

forming FAs, FAK-inhibited ones fail to respond to such stimuli120. Llic et al. 

also showed that FAK-deficient fibroblasts lost their ability to migrate, 

indicating this mechanotransducer's pivotal role in cell migration121. The study 

by Mitra et al. showed that the inhibition of FAK led to a decrease in VEGF, 

subsequently, lack of angiogenesis122. This finding is consistent with another 

study done by the same research group indicating that FAK promotes neo-
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vascularisation. This occurs due to the FAK ability to upregulate angiogenic 

factors such as VEGF123.  

1.6.2 RhoA 

Cytoskeleton provides cells with mechanical support and plays a vital role in 

cell shape, protrusion formation, cell proliferation, migration, etc. It comprises 

three components; actin fibres, intermediate filaments, and microtubules117. 

RhoA family contributes to cell responses to mechanical forces. Of 20 

members of the Rho GTPase family, three members, including RhoA, Cdc42, 

and Rac1, are ubiquitous and widely-studied. RhoA is the key regulator of the 

actin cytoskeleton117. It regulates Ŭ-actin stabilisation, Ŭ-actin-myosin 

interaction necessary for cell contractility, and Ŭ-actin polymerisation in 

response to mechanical signals116 (Fig 1.7). Overexpressing RhoA in normal 

breast fibroblasts co-cultured with endothelial cells increases endothelial cells' 

ability to form microvessels115. Several studies have also shown that RhoA is 

involved in endothelial cell permeability124 and junction assembly of epithelial 

cells125. Uchida et al. showed that the formation of tube-like structures was 

arrested both in vitro and in vivo when RhoA was inhibited by either an 

exoenzyme, Clostridium botulinum C3 transferase, or Y-27632, suggesting 

that RhoA contributes to angiogenesis126. This finding is consistent with 

another study that showed the inhibition of RhoA by alendronate in HUVECs 

resulted in arresting the cell's ability to migrate and form capillary-like 

structures127.  
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Fig 1.7: RhoA controls mechanical signals propagation. RhoA regulates 1) acting 
polymerisation by binding to mDia, generating contractile force either by 2) phosphorylation of 
light myosin chain (MLC) or 3) inhibition of MLC phosphatase via ROCK, as well as 4) 
stabilising F-actin fibres by activating LIM kinase (LIMK)116. 

 

1.6.3 YAP 

In 1994, Yes Associated Protein (YAP) was discovered as a nuclear receptor 

of the inhibitory Hippo pathway. As a transcriptional coactivator, YAP mainly 

functions as the regulator of tissues and organsô size by modulating cell 

proliferation and apoptosis128,129. Depending on the Hippo pathway being on 

or off, YAP can be found in the cytoplasm or nucleus. When the pathway is 

on, YAP is phosphorylated by LATS kinases (members of Hippo kinase 

cascade), retains to the cytoplasm (inactive form), and gets degraded. In 

contrast, when the pathway is off, YAP is dephosphorylated, relocated into the 

nucleus (active form), and activates the target genes by binding to TEAD (a 

transcription factor), triggering cell proliferation128ï131. Being a nuclear receptor 

that identifies and transmits intracellular and extracellular mechanical stimuli, 

YAP is translocated from the cytoplasm into the nucleus in response to ECM 

stiffness and cellular stretching changes. This happens through ROCK/RhoA 

GTPase132,133. From a mechanical point of view, Wang et al. showed that YAP 

and TAZ, another Hippo pathway effector, play a pivotal role in angiogenesis 
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via mediating VEGF-VEGF-R2 signalling. They demonstrated that VEGF 

induces YAP/TAZ by acting on the actin cytoskeleton. Activation of YAP/TAZ 

results in inducing a transcriptional program to remodel the cytoskeleton and 

trigger a feedforward loop that guarantees a proper angiogenic response. By 

deleting YAP/TAZ, they also showed that lack of the proteins alters VEGF-R2 

distribution on the cell membrane caused by trafficking deficiency from the 

Golgi apparatus to the plasma membrane130. Fig 1.8 represents YAP 

activation and deactivation in the presence and absence of mechanical cues. 

 

 

 

 

 

 

 

 

 

 

 

Fig 1.8: YAP activation and deactivation due to mechanical stimuli. When activated in 
response to mechanical cues, dephosphorylated YAP is translocated to the nucleus where its 
binding to TEAD turns on the target genes resulting in cell proliferation. When deactivated 
(phosphorylated), YAP is re-disturbed to cytoplasm and undergoes degradation131.  

 




























































































































































































































































































































































