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Abstract 

 

Peripheral arterial disease (PAD) affects over 200 million people worldwide 

and can lead to limb ischaemia, amputation and death. Therapeutic 

angiogenesis aims to promote the formation of new blood vessels in order to 

treat ischaemia. The programming inherent within cells can be utilised to treat 

diseases at the cellular level. Adipose derived mesenchymal stem cells 

(ADMSCs) have been shown to secrete pro-angiogenic proteins, thus could 

have great potential as a therapy for ischemic disease. In addition, 

biomaterials can effectively deliver therapeutics to a target site and utilise 

physical characteristics to influence cell behaviour. Surface topography is 

known to influence cell alignment, morphology and affect cellular expression 

of growth factors. This work investigated the effect of surface topography on 

the secretion of angiogenic growth factors from ADMSCs.  

 

Hierarchically structured substrate materials were prepared from poly-DL-

lactide-co-glycolide (PLGA) using a thermally induced phase separation 

(TIPS) process. TIPS materials were characterised using atomic force 

microscopy to quantify roughness and stiffness, as well as scanning electron 

microscopy techniques where PLGA processed with TIPS were shown to have 

higher surface roughness and porosity values. ADMSC proliferation increased 

on the TIPS-processed substrates compared with the control substrates and 

the effect of surface topography on the angiogenic secretome of ADMSCs was 

measured using an in vitro model of angiogenesis, proteomic analysis and 

measurement of vascular endothelial growth factor (VEGF165). VEGF165 was 

significantly increased in the supernatants collected from ADMSCs cultured 

on the TIPS substrate compared with control substrates when normalised for 

the number of cells. The collected supernatants resulted in increased capillary 

tubule length, number of capillary junctions and capillary branches in the in 

vitro angiogenesis assay compared with supernatants collected from control 

substrates.  
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This work also investigated the effects of TIPS-processed materials implanted 

in a pre-clinical model of PAD. Laser Doppler imaging revealed an increase in 

revascularisation in the ischeamic limbs treated TIPS processed materials 

compared with control materials. Histology and von Willebrand factor staining 

revealed evidence of blood vessel formation around the implanted TIPS 

processed materials. 

 

This study has shown that ADMSCs seeded onto 2D and 3D TIPS-processed 

PLGA secreted increased quantities of pro-angiogenic factors in vitro, and 

when implanted in vivo, TIPS-processed biomaterials improved reperfusion in 

a pre-clinical model of PAD. These findings open up the opportunity for utilising 

a unique biomaterial for the treatment of ischemic disease through the 

promotion of angiogenesis.  
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quantified with CyQUANT NF cell proliferation assay. (n=8) Two-way ANOVA 

with Geisser-Greehouse correction = *** (P=0.001)     

Figure 4.4: ADMSC cell numbers on 7507 TIPS films, 7507 PLGA control  

films, 7502 TIPS films, 7502 PLGA control films and polystyrene films at days 

1, 4, 7 and 10 quantified with PrestoBlue cell viability assay. (n=8)  Two-way 

ANOVA with Geisser-Greehouse = ** (P=0.0011)      

 

Part I. Chapter 5 

Figure 5.1: a) VEGF165 secretion of ADMSCs on 7507 TIPS films, 7507 PLGA 

control films, 7502 TIPS films, 7502 PLGA control films and polystyrene films 

at days 1, 4, 7 and 10. (n=9) Two-way ANOVA with Geisser-Greenhouse 

correction = **** (P<0.0001) b) Normalised results showing the amount of 

VEGF (pg/mL) secreted per cell. Two-way ANOVA with Geisser-Greenhouse 

correction = * (P=0.0237). 

Figure 5.2: Human angiogenesis proteome profiler array of secretomes from 

ADMSCs seeded onto 7507 TIPS polymer films and 7507 control polymer 

films. (n=2) 
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Figure 5.3: Human angiogenesis proteome profiler array of proteins secreted 

from ADMSCs seeded onto 7507 TIPS polymer films and 7507 control 

polymer films. a) A heat map highlighting the pro-angiogenic proteins 

secreted. b) A heat map highlighting the anti-angiogenic proteins secreted.  

Figure 5.4: Quantification of the V2a array from the secretomes from 

ADMSCs seeded onto PLGA 7507 TIPS polymer films, PLGA 7507 control 

polymer films, PLGA 7502 TIPS polymer films, PLGA 7502 control polymer 

films and polystyrene films a) tubule length b) tubule junctions c) tubule 

branches. (n=1) Where * = P<0.05, ** = P<0.01, *** = P<0.001 and **** = 

P<0.0001. Ordinary one-way ANOVA = **** (P<0.0001).    

Figure 5.5: VEGF165 secretion from ADMSCs seeded into cell inserts exposed 

to the degradation products from PLGA 7507 TIPS polymer films, PLGA 7507 

control polymer films, PLGA 7502 TIPS polymer films, PLGA 7502 control 

polymer films and polystyrene films. (n=1) Two-way ANOVA with Geisser-

Greenhouse correction = ** (P=0.0055).   

 

Part I. Chapter 6 

Figure 6.1: Laser-Doppler imaging showing the paws of mice that had 

undergone unilateral femoral artery ligation and superficial femoral artery 

excision post operatively and at days 14 and 21.  

Figure 6.2: SEM images of 5mm 7507 PLGA TIPS polymer implants before 

a) and after hydrophilisation b). SEM images of 5mm 7507 PLGA control 

polymer implants before c) and after hydrophilisation d). Images e-g) show the 

thickness of the 7507 TIPS polymer implants.   

Figure 6.3: Laser-Doppler imaging of the paws of mice that had undergone 

unilateral femoral artery ligation and subsequent implantation of 7507 PLGA 

TIPS processed films, control 7507 PLGA films and no treatment. Images 

were taken post-operatively and at days 7, 14 and 21.  

Figure 6.4: Quantification of laser-doppler imaging of the paws of mice that 

had undergone unilateral femoral artery ligation and subsequent implantation 

of 7507 PLGA TIPS processed films, control 7507 PLGA films and no 

treatment. Results are shown as perfusion ratio at days 7, 14 and 21. (n=3) 
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Where * = P<0.05 and *** = P<0.001. Two-way ANOVA with Geisser-

Greenhouse correction = * (P=0.0316). 

Figure 6.5: H&E staining of tissue sections showing the implantation of PLGA 

TIPS polymer films and PLGA control polymer films. Red arrows indicate 

infiltration of cells into the surface of the 7507 TIPS polymer film implant into 

the hindlimb ischaemia model. Black arrows indicate evidence of blood vessel 

formation around the 7507 TIPS implant. 

 

Figure 6.6: VWF staining of tissue sections showing the implantation of PLGA  

TIPS polymer films and PLGA control polymer films into the hindlimb 

ischaemia model. Black arrows highlight positive staining and indicate 

evidence of blood vessel formation. 

Figure 6.7: H&E stained tissue sections showing collateral blood vessels 

within the gastrocnemius muscle from each in vivo condition a) 7507 TIPS 

microparticle implantation b-c) 7507 PLGA control microparticle implantation 

d-e) 7507 TIPS polymer film implantation f-g) 7507 PLGA control polymer film 

implantation h) granugel only control i) no treatment control j) no ischaemia 

and no treatment control. 

Figure 6.8: Quantification of collaterals found through H&E staining a) outer 

vessel circumference measurements (µm) Ordinary One-Way ANOVA = **** 

(P=0.0004) b) lumen circumference measurements (µm) Ordinary One-Way 

ANOVA = ** (P=0.0034) c) vessel area (µm2) Ordinary One-Way ANOVA = 

**** (P=0.0002) d) lumen area (µm2). (n=5) 

Figure 6.9: Quantification of VEGF-A, PDGFA, PEGF, FGF2 and NRP-1 

expression (normalised to Actin) from qPCR. (n=1) 

Figure 6.10: a) A heat map to show the differences in expression of 

angiogenic growth factor genes from ischemic tissues implanted with 7507 

TIPS polymer film and 7507 control polymer film b) a heat map to show the 

expression of pro-angiogenic factor genes from ischemic tissues implanted 

with 7507 TIPS polymer film and 7507 control polymer film  c) a heat map to 

show the expression of anti-angiogenic factors genes from ischemic tissues 

implanted with 7507 TIPS polymer film and 7507 control polymer film. (n=1) 
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Part I. Chapter 7 

Figure 7.1: Schematic detailing the secretomes (black) and factors that 

induce differentiation (red) of monocytes, M0 macrophages, M1 

macrophages and M2 macrophages. 

Figure 7.2: H&E Staining tissue sections from 7507 TIPS Polymer Films 

implanted into a pre-clinical models of peripheral artery disease.  

Figure 7.3: Anti-CD163 Staining on 7507 TIPS Polymer Films into a pre-

clinical models of peripheral artery disease. Dotted line indicates 

implant/tissue boundary.       

Figure 7.4: Anti-CD80 Staining on 7507 TIPS Polymer Films into a pre-clinical 

models of peripheral artery disease. Dotted line indicates implant/tissue 

boundary.            

Figure 7.5: IL-12 p70 ELISA results from M1 and M2 phenotype 

macrophages. (n=5) Where * = P<0.05, ** = P<0.01,  *** = P<0.001 and **** = 

P<0.0001.  

Figure 7.6: IL-12 p70 ELISA results from M1 and M2 phenotype macrophages 

seeded onto PLGA 7507 TIPS polymer films, PLGA 7507 control films, 7502 

TIPS polymer films, 7502 control polymer films and polystyrene polymer films 

for 1, 4, 7 and 10. (n=5) Two-way ANOVA with Geisser-Greenhouse correction 

= * (P<0.05) 

Figure 7.7: VEGF165 secretion from M1 (Two-way ANOVA with Geisser-

Greenhouse correction = * (P=0.0192)) and M2 (Two-way ANOVA with 

Geisser-Greenhouse correction = **** (P<0.0001)) phenotype macrophages 

attached to PLGA 7507 TIPS polymer films, PLGA 7507 control films, 7502 

TIPS polymer films, 7502 control polymer films and polystyrene polymer films 

at days 1, 4, 7 and 10. (n=5) 

Figure 7.8: VEGF165 (pg/mL) secretion from M0 macrophages differentiated 

into M1 (Two-way ANOVA with Geisser-Greenhouse correction = **** 

(P<0.0001)) and M2 (Two-way ANOVA with Geisser-Greenhouse correction 

= **** (P<0.0001)) phenotype macrophages seeded onto PLGA 7507 TIPS 

polymer films, PLGA 7507 control films, 7502 TIPS polymer films, 7502 control 

polymer films and polystyrene polymer films at days 1, 4, 7 and 10. (n=5) 
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Figure 7.9: VEGF165 secretion (pg/mL) from ADMSCs attached to PLGA 7507 

TIPS polymer films, PLGA 7507 control films, 7502 TIPS polymer films, 7502 

control polymer films and polystyrene polymer films at days 1, 4, 7 and 10 

exposed to M1 (Two-way ANOVA with Geisser-Greenhouse correction = **** 

(P<0.0001)) and M2 (Two-way ANOVA with Geisser-Greenhouse correction 

= **** (P<0.0001)) phenotype macrophages. (n=5) 

Figure 7.10: a) A heat map showing of the secretomes detected from the 

human angiogenesis proteome profiler array from M1 and M2 macrophages 

seeded onto 7507 TIPS polymer films and 7507 control polymer films. b) A 

heat map to show the pro-angiogenic factors from the proteome profiler array 

c) A heat map to show the anti-angiogenic factors from the proteome profiler 

array. (n=1) 

Figure 7.11: A heat map displaying the proteins detected from the human 

cytokine proteome profiler array from M1 and M2 macrophages seeded onto 

7507 TIPS polymer films and 7507 control polymer films. (n=1) 

 

Part II. Chapter 2 

Figure 2.1: SEM images of PLGA 7507 TIPS microparticles and PLGA 7502 

TIPS microparticles.   

Figure 2.2: SEM images of PLGA 7507 TIPS microparticles, PLGA 7507 

control microparticles and polystyrene control microparticles at day 1, 4, 7 and 

10. 

Figure 2.3: SEM images of PLGA 7507 TIPS microparticles at a) day 1 b) day  

4 c) day 7 and d) day 10. 

Figure 2.4: a) pH measurements of PLGA 7507 TIPS microparticles. 

Figure 2.5: b) Degradation of PLGA 7507 TIPS microparticles as weight 

percentage loss. (n=5) Weight loss at week 6 was statistically lower (P<0.01 

= **) at week 6 from week 3 and at week 30 lower than week 3 (P<0.0001 = 

****) 

Figure 2.6: NanoCT images a) z-stack of PLGA 7507 TIPS microparticle b) z-

stack of PLGA 7502 TIPS microparticle c) 3D reconstruction of PLGA 7507 

TIPS polymer film side view d) 3D reconstruction of PLGA 7507 TIPS polymer 

film surface view e) 3D reconstruction of PLGA 7507 TIPS polymer film.  
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Figure 2.7: FIB-SEM images of PLGA 7507 TIPS microparticles a) 3µm mill 

into the radial pore of the microparticle b-f) internal structure of microparticles 

 

Part II. Chapter 3 

Figure 3.1: a) undifferentiated ADMSCs monolayer b) fluorescent image of 

lipidTOX green staining for adipogenic differentiation of ADMSC monolayer c) 

optical image of alcian blue staining for chondrogenic differentiation of ADMSC 

monolayer d) optical image of alizarin red staining for osteogenic 

differentiation of ADMSC monolayer e) fluorescent image of lipidTOX green 

staining for adipogenic differentiation of ADMSCs from 7507 TIPS 

microparticles f) optical image of alcian blue staining for chondrogenic 

differentiation of ADMSCs from 7507 TIPS microparticles g) optical image of 

alizarin red staining for osteogenic differentiation of ADMSCs from 7507 TIPS 

microparticles 

Figure 3.2: a-c) Light microscopy images of 7507 TIPS microparticles seeded 

with ADMSCs d-e) Fluorescent images of DAPI stained ADMSCs seeded onto 

7507 TIPS microparticles.  

Figure 3.3: Optical imaging of ADMSCs seeded onto 7507 TIPS 

microparticles, 7507 control microparticles and polystyrene control 

microparticles at days 1, 4, 7 and 10. 

Figure 3.4: Alexa Fluor 488 phalloidin and DAPI fluorescent images of 

ADMSCs seeded onto microparticles in hanging drops. a-b) Cellularised 7507 

TIPS microparticles at day 1 c) Cellularised 7507 control microparticles at day 

1 d) Cellularised 7507 TIPS microparticles at day 4.   

Figure 3.5: Quantification of ADMSCs seeded at concentrations of 1000-8 

cells/microparticle onto 7507 TIPS and 7502 TIPS microparticles in hanging 

drop plates compared to cell only controls calculated using CyQUANT NF cell 

proliferation assay. (n=5) Two-way ANOVA with Geisser-Greenhouse 

correction = ** (P=0.0024)  

Figure 3.6: ADMSCs seeded at concentrations of 2000-31 cells/microparticle 

onto 7507 TIPS microparticles in hanging drop plates compared to cell only 

controls quantified with CellTox Green. (n=3) Two-way ANOVA with Geisser-

Greenhouse correction = **** (P<0.0001) 
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Figure 3.7: PrestoBlue cell viability assay optimisation experiments a) 

absorbance readings b) fluorescence. (n=3) Where * = P<0.05, ** = P<0.01 

and **** = P<0.0001.      

Figure 3.8: ADMSCs seeded at concentrations of 2000-8 cells/particle in 

hanging drop plates compared quantified with PrestoBlue viability reagent. 

Where * = P<0.05, ** = P<0.01, *** = P<0.001 and **** = P<0.0001.      

Figure 3.8: PrestoBlue results of ADMSCs seeded at concentrations of 

2000-8 cells/microparticle onto 7507 and 7502 TIPS microparticles in hanging 

drop plates compared to cell only controls. (n=3) Two-way ANOVA with 

Geisser-Greenhouse correction = **** (P<0.0001) 

Figure 3.9: PrestoBlue results of ADMSCs seeded onto 7507 TIPS 

microparticles, 7507 control microparticles and polystyrene control 

microparticles. (n=8) Two-way ANOVA with Geisser-Greenhouse correction = 

** (P<0.0046) 

 

Part II. Chapter 4 

Figure 4.1: Quantification of cell numbers with PrestoBlue cell viability 

reagent of ADMSCs attached to 7507 TIPS microparticles, 7507 PLGA control 

microparticles and polystyrene microparticles in hanging drop plate. (n=8) 

Two-way ANOVA with Geisser-Greenhouse correction = ** (P<0.0046) 

Figure 4.2 a) VEGF165 secretion (pg/mL) from ADMSCs attached to 7507 

TIPS microparticles, 7507 PLGA control microparticles and polystyrene 

microparticles (n=7) b) Normalised results showing the amount of VEGF 

(pg/mL) secreted per cell. Two-way ANOVA with Geisser-Greenhouse 

correction = ** (P<0.00445) 

Figure 4.3: A heat map showing all human Angiogenesis Proteome Profiler 

proteins secreted from ADMSCs seeded onto 7507 TIPS microparticles and 

7507 control microparticles in comparison to polystyrene microparticles. (n=2) 

Figure 4.4: Heat maps showing human proteome profiler proteins secreted 

from ADMSCs seeded onto 7507 TIPS microparticles and 7507 control 

microparticles in comparison to polystyrene microparticles at days 1, 4, 7 and 

10. 
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Figure 4.5: Heat maps showing human pro-angiogenesis proteome profiler 

proteins secreted from ADMSCs seeded onto 7507 TIPS microparticles and 

7507 control microparticles in comparison to polystyrene microparticles at 

days 1, 4, 7 and 10. 

Figure 4.6: Heat maps showing human anti-angiogenesis proteome profiler 

proteins secreted from ADMSCs seeded onto 7507 TIPS microparticles and 

7507 control microparticles in comparison to polystyrene microparticles at 

days 1, 4, 7 and 10. 

Figure 4.7: Quantification of the V2a array from the secretomes from ADMSCs 

attached to PLGA 7507 TIPS microparticles, PLGA 7507 microparticles, and 

polystyrene microparticles a) tubule length b) tubule junctions c) tubule 

branches. (n=1) Where * = P<0.05, ** = P<0.01, *** = P<0.001 and **** = 

P<0.0001. Ordinary One-way ANOVA = **** (P<0.0001)    

Figure 4.8: Quantification of the V2a array from the secretomes from 

ADMSCs attached to PLGA 7507 TIPS microparticles with the addition of the 

pro-angiogenic factor VEGF and anti-angiogenic factor PDGF a) tubule length 

b) tubule junctions c) tubule branches (n=1). Where * = P<0.05, ** = P<0.01, 

*** = P<0.001 and **** = P<0.0001. Ordinary One-way ANOVA = **** 

(P<0.0001)        

 

Part II. Chapter 5 

Figure 5.1: Quantification of laser-doppler imaging of the paws of mice that 

had undergone unilateral femoral artery ligation and subsequent implantation 

of 7507 PLGA TIPS processed microparticles in Aquaform, control 7507 PLGA 

microparticles in Aquaform, Aquaform only and no treatment.  Results are 

shown as perfusion ratio at days 7, 14 and 21. (n=1) 

Figure 5.2: Laser-doppler imaging of the paws of mice that had undergone 

unilateral femoral artery ligation and subsequent implantation of 7507 PLGA 

TIPS processed microparticles in GranuGEL, control 7507 PLGA 

microparticles in GranuGEL, GranuGEL only and no treatment. Images were 

taken post-operatively and at days 7, 14 and 21.  

Figure 5.3: Quantification of laser-doppler imaging of the paws of mice that 

had undergone unilateral femoral artery ligation and subsequent implantation 
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of 7507 PLGA TIPS processed microparticles in GranuGEL, control 7507 

PLGA microparticles in GranuGEL, GranuGEL only and no treatment.  Results 

are shown as perfusion ratio at days 7, 14 and 21. (n=3) Two-way ANOVA 

with Geisser-Greenhouse correction = *. (P=0.015)    

Figure 5.4: H&E staining of tissue sections showing the implantation of 

Aquaform gel in the hindlimb ischaemia model.  

Figure 5.5: H&E staining of tissue sections showing the implantation of 

GranuGEL in the hindlimb ischaemia model.   

Figure 5.6: H&E staining of tissue sections showing the implantation of PLGA 

7507 TIPS microparticles into the hindlimb ischaemia model. Black arrows 

indicate evidence of blood vessel formation around the 7507 TIPS implant. 

Blue arrows indicate giant multinucleated cells. 

Figure 5.7: H&E staining of tissue sections showing the implantation of PLGA 

7507 control microparticles into the hindlimb ischaemia model. Blue arrows 

indicate giant multinucleated cells. 

Figure 5.8: VWF staining of tissue sections showing the implantation of PLGA 

7507 TIPS microparticles hindlimb ischaemia model. Black arrows highlight 

positive staining and indicate evidence of blood vessel formation.   

Figure 5.9: VWF staining of tissue sections showing the implantation of PLGA 

7507 control microparticles hindlimb ischaemia model.  

Figure 5.10: H&E stained tissue sections showing collateral blood vessels 

within the gastrocnemius muscle from each in vivo condition a) 7507 TIPS 

microparticle implantation b-c) 7507 PLGA control microparticle implantation 

d) granugel only control e) no treatment control f) no ischaemia and no 

treatment control. 

Figure 5.11: Quantification of collaterals from H&E staining a) outer vessel 

circumference measurements (µm) b) lumen circumference measurements 

(µm) c) vessel area (µm2) d) lumen area (µm2). (n=5) Ordinary one-way 

ANOVA = **** (P<0.0001). 

Figure 5.12: H&E staining of tissue sections showing the implantation of 

PLGA 7507 TIPS microparticles into the hindlimb ischaemia model at weeks 

1, 3, 6, 12 and 24. (n=1)  
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Figure 5.13: Quantification of VEGF-A, PDGFA, PEGF, FGF2 and NRP-1 

expression from qPCR. (n=1) Where * = P<0.05, ** = P<0.01, *** = P<0.001 

and **** = P<0.0001.       

 

 

Part II. Chapter 6 

Figure 6.1: Macrophage Cell Evidence around 7507 TIPS Microparticles 

implanted into a pre-clinical models of peripheral artery disease.    

Figure 6.2: Anti-CD80 Staining on 7507 TIPS Microparticles implanted into a 

pre-clinical models of peripheral artery disease.      

Figure 6.3: Anti-CD163 Staining on 7507 TIPS Microparticles implanted into 

a pre-clinical models of peripheral artery disease.      

Figure 6.4: IL-12 p70 secretion from M1 and M2 phenotype macrophages. 

(n=5) Where * = P<0.05, ** = P<0.01,  *** = P<0.001 and **** = P<0.0001.   

Figure 6.5: IL-12 p70 secretion (pg/mL) from M0 macrophages differentiated 

into M1 (One-way ANOVA = **** (P<0.0001) and M2 phenotype macrophages 

attached to PLGA 7507 TIPS microparticles at days 1, 4, 7 and 10. (n=5) 

Figure 6.6: VEGF165 secretion (pg/mL) from M1 and M2 (One-way ANOVA = 

** (P=0.001) phenotype macrophages attached to PLGA 7507 TIPS 

microparticles at days 1, 4, 7 and 10. (n=5) 

Figure 6.7: VEGF165 secretion (pg/mL) from ADMSCs attached to PLGA 7507 

TIPS microparticles at days 1, 4, 7 and 10 exposed to M1 (One-way ANOVA 

= ** (P=0.0072)) and M2 (One-way ANOVA = * (P=0.033)) macrophage 

secretomes. (n=5) 

Figure 6.8: VEGF165 secretion (pg/mL) from ADMSCs attached to PLGA 7507 

TIPS microparticles at day 10 in hanging drop plates in ADMSC culture media 

and exposed to M1 or M2 macrophage secretomes. M1 and M2 cells seeded 

onto 7507 TIPS microparticles VEGF secretion at day 10. Where * = P<0.05, 

** = P<0.01,  *** = P<0.001 and **** = P<0.0001. Ordinary one-way ANOVA = 

**** (P<0.0001) 
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Tables List 

 

Part I. Chapter 2 

Table 2.1: Summary of polymer compilations used to produce polymer films. 

 

Part I. Chapter 3 

Table 3.1: AFM average roughness measurements of polymer films in nm.  

Table 3.2: AFM Average stiffness (MPa) measurements of polymer films. 

 

Part I. Chapter 6 

Table 6.1: Equations used to calculate circumference measurement of blood 

vessels from H&E stained tissue sections. 

Table 6.2: Summary of Primers designed for qPCR. 

 

Part II. Chapter 2 

Table 2.1: Morphologi G3 results of PLGA 7507 TIPS microparticles, PLGA 

7502 TIPS microparticles, PLGA 7507 control microparticles and polystyrene 

control microparticles. 

 

Part II. Chapter 3 

Table 3.1: Summary of polymer formulations used to produce polymer films.  

 

Supplementary Figures List 

 

Part I. Chapter 5 

S5.1: VEGF165 secretion (pg/mL) per ADMSC seeded onto TIPS and control 

polymer films at days 1, 4, 7 and 10. 

S5.2: Proteome profiler proteins from ADMSCs on 7507 TIPS polymer films 

were analysed through STRING Analysis for connections to biological 

processes. Images show the connections between the secreted genes and 

proteins. 
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S5.3: Proteome profiler proteins from ADMSCs on 7507 TIPS and 7507 

control  polymer films were analysed through STRING Analysis for 

connections to molecular functions. Images show the connections between 

the secreted genes and proteins. 

S5.4: Proteome profiler proteins from ADMSCs on 7507 control polymer films 

were analysed through STRING Analysis for connections to biological 

processes. Images show the connections between the secreted genes and 

proteins. 

S5.5: A table detailing the functions of the proteins included in the human 

angiogenesis proteome profiler. 

S5.6: Images from the V2a array tubules stained with anti-CD31. Images were 

analysed through Angio.Sys software and tubule length, branches and 

junctions were quantified. 

 

 

Part I. Chapter 7 

S7.1: STRING data identifying the links between the proteins secreted from 

M2 macrophages seeded onto 7507 TIPS polymer films. Yellow: Regulation 

of angiogenesis (5 genes, 2.4e-14 FD). Red: Cellular process (16 genes). 

Purple: Blood vessel development (5 genes, 4.32e-14 FD). Green: 

Vasculature development (5 genes, 5.43e-15 FD). Blue: ECM organisation (6 

genes, 3.93e-18). 

 

Part II. Chapter 2 

S2.1: SEM images of the radial pore on the surface of 7507 TIPS 

microparticles.  

 

Part II. Chapter 3 

S3.1: PrestoBlue optimisation experiments fluorescence readings of low cell 

numbers. Where * = P<0.05, ** = P<0.01,  *** = P<0.001 and **** = P<0.0001.   
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Part II. Chapter 4 

S4.1: VEGF165 secretion (pg/mL) per ADMSC seeded onto 7507 TIPS 

microparticles, 7507 control microparticles and polystyrene microparticles at 

days 1, 4, 7 and 10. 

S4.2: Proteome profiler proteins from ADMSCs on 7507 TIPS microparticles 

were analysed through STRING Analysis for connections to biological 

processes. Images show the connections between the secreted genes and 

proteins. 

S4.3: Proteome profiler proteins from ADMSCs on 7507 control microparticles 

were analysed through STRING Analysis for connections to biological 

processes. Images show the connections between the secreted genes and 

proteins. 

S4.4: Proteome profiler proteins from ADMSCs on polystyrene microparticles 

were analysed through STRING Analysis for connections to biological 

processes. Images show the connections between the secreted genes and 

proteins. 

S4.5: Images from the V2a array tubules stained with anti-CD31. Images were 

analysed through Angio.Sys software and tubule length, branches and 

junctions were quantified. 

S4.6: Images from the V2a array tubules stained with anti-CD31 where a pro- 

and anti- angiogenic factor was added to the 7507 TIPS microparticle 

sampels. Images were analysed through Angio.Sys software and tubule 

length, branches and junctions were quantified. 

 

Part II. Chapter 5 

S5.1 VWF staining of a-b) No treatment control c-d) GranuGEL only control e-

f) No ischaemia control 
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Abbreviations List 

 

A 

ADMSCs - Adipose Derived Mesenchymal Stem Cells  

ABPI - Ankle-Bronchial Pressure Index  

ALI - Acute Limb Ischaemia  

AVI - Acute Visceral Ischaemia  

 

C 

CAM – Chick Embryo Chorioallantoic Membrane Assay 

CCL1/I-309 - Chemokine (C-C Motif) Ligand 1 Inflammatory Cytokine-309 

cDNA – Complementary Deoxyribonucleic Acid  

CLI - Critical Limb Ischaemia  

CVD - Cardiovascular Disease  

CXCL1/GROa - Growth Related Alpha Protein Ligand 1 

C5/C5a - Complement Component 5/5a  

 

D 

DAPI - 4’, 6-diamidino-2-phenylindole  

DPPIV - Dipeptidyl Deptidase IV 

DNA – Deoxyribonucleic Acid  

 

E 

ECM - Extracellular Matrix 

EGF – Epidermal Growth Factor 

EG-VEGF - Endocrine Gland-Derived Vascular Endothelial Growth Factor 

ET-1 - Endothelin 1 

 

F 

FD – False Discovery Rate 

FGF - Fibroblast Growth Factors  
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G 

GA – Glycolic Acid 

GDNF – Glial-Derived Neutrophic Factor 

G-CSF - Granulocyte-Colony Stimulating Factor  

GM-CSF – Granulocyte Macrophage Colony-Stimulating Factor  

 

 

H 

HB-EGF – Heparin-Binding EGF like growth factor 

HCL – Hydrochloric Acid 

HGF - Hepatocyte Growth Factor  

HLI - Hindlimb Ischaemia 

H&E – Haemoxylin & Eosin 

 

I 

IGF - Insulin Like Growth Factor  

IL - Interleukin  

INF – Interferon  

 

L 

LA – Lactic Acid 

LAP – Leucine Aminopeptidase 

LPS - Lipopolysaccharide 

 

M 

MCP-1 - Monocyte Chemoattractant Protein-1  

MEK - 2-Butane/methyl ethyl ketone  

MMPs- Matrix Metalloproteinases 

MSCs - Mesenchymal Stem Cells  

M0 - Macrophages 

M1 – Macrophage Type 1 Phenotype 

M2 – Macrophage Type 2 Phenotype 

M-CSF – Macrophage Colony Stimulating Factor 
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N 

NanoCT - Nano Computed Tomography  

 

P 

PAD - Peripheral Arterial Disease  

PBS – Phosphate Buffered Serum  

PCR - Polymerase Chain Reaction  

PDGF- Platelet Derived Growth Factor 

PEDF - Pigment Epithelium-Derived Growth Factor 

PF4 – Platelet Factor 4 

PIGF - Placental Growth Factor 

PLC – Polycaprolactone  

PLGA - Poly(lactic-co-glycolic acid)  

 

R 

RNA – Ribonucleic Acid  

 

T 

TGF - Transforming Growth Factor  

TIPS – Thermally Induced Phase Separation 

TIMP - Tissue Inhibitor of Metalloproteinases  

TNF - Tumour Necrosis Factor  

TSP – Thrombospondin  

 

U 

uPA - Urokinase-Type Plasminogen Activator  

 

V 

VEGF - Vascular Endothelial Growth Factors  

VEGFR1 – Vascular Endothelial Growth Factor Receptor 1 

VEGFR2 – Vascular Endothelial Growth Factor Receptor 2 

VWF – Von Willebrand Factor 

V2a – Vasculogenesis to Angiogenesis Array 
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Impact Statement 

 

Cardiovascular disease is a leading cause of mortality worldwide, affecting an 

estimated 7 million people in the UK, with one in five people over the age of 

60 suffering from peripheral arterial disease (PAD). [1-3] There are currently 

no curative treatments for this epidemic. Therefore, this project aimed to 

produce a device that can promote angiogenesis through the manufacture of 

a biomaterial in combination with stem cell therapy. This multidisciplinary 

research can bridge the gap between engineering and medicine, where the 

production of a novel biomaterial can be used to address the shortcomings of 

clinical research. [4, 5] Specifically, despite the recent advances in stem cell 

therapy for therapeutic angiogenesis, there are issues with retention of cells 

at the implant site. Biomaterials can overcome this by acting as a delivery 

vehicle and an anchor for the cells in vivo, allowing them to remain at the 

implant site and have their therapeutic effect. [6, 7] Moreover, the physical 

characteristics of a biomaterial can be used to promote angiogenesis without 

the need for chemical modification of the material or genetic modification of 

the cells. This project focuses on how the surface topography of the 

biomaterials can be utilised to influence the release of angiogenic growth 

factors from stem cells. 

 

This research opens up opportunities for future pre-clinical and clinical studies 

of the administration of cellularised constructs, with research focusing on fully 

understanding the underlying cellular mechanism of the promotion of 

angiogenesis from stem cells seeded onto TIPS biomaterials. In addition, 

future studies can concentrate on determining the optimal construct (acellular  

or cellular, 2D or 3D biomaterial implants) for in vivo therapeutic angiogenesis. 

 

Clinically, the potential impact of this research is great, with the possibility to 

save lives and improve quality of life; left untreated, the 1-year mortality rate 

of advanced PAD is 20% and there are strong links to the development of 

other cardiovascular diseases. The development of a curative treatment would 

not only impact positively on patients’ lives, but it could also prove to be 
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economically beneficial. It would negate the need for long-term care, 

pharmaceuticals and treatments, which in aggregate currently cost the 

National Health Service approximately £200 million per year. [8]  

 

The proposed therapy has various potential clinical applications, from non-

invasive administration techniques to the implementation of personalised 

medicine using autologous stem cells. This technology also opens the 

prospect of investigation into its use in treating conditions other than PAD, 

such as myocardial infarction and wound healing; these may be improved or 

cured through the promotion of angiogenesis.  
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Chapter 1: Introduction 

 

1.1 Peripheral Arterial Disease 

 

Cardiovascular disease (CVD) is a term referring to the pathosis of the blood 

vessels or the heart. Disease progression is typically associated with an 

accumulation of atherosclerotic fatty deposits within the blood vessels, which 

gradually block the flow of blood. This can lead to the development of 

peripheral arterial disease (PAD), a cardiovascular disease of the peripheral 

arteries most commonly affecting the lower extremities. [9] PAD affects over 

200 million people worldwide, [10] with 20% of people over the age of 60 in 

the UK affected. [11] PAD is usually exacerbated by lifestyle choices such as 

consumption of a high fat diets, smoking and lack of exercise. [12] With an 

ageing population and a Western obesity epidemic, PAD is becoming more 

prevalent and sufferers of PAD have an increased risk of developing other 

cardiovascular diseases. When considering other co-morbidities such as 

diabetes mellitus and kidney disease, the risk rises further. [13, 14] For 

example, it is estimated that up to 50% of people with PAD also have coronary 

artery disease. [15]  

 

In the early stages, PAD can be asymptomatic, but the majority of sufferers 

will go on to develop symptoms and have a decreased quality of life. 

Symptoms range from intermittent claudication, paraesthesia, severe pain and 

tissue loss due to ulcers and gangrene. 10% of sufferers go on to develop limb 

ischaemia, [16] which falls into three categories of ischaemia; each conferring 

significant risk of mortality if left untreated. Acute limb ischaemia occurs when 

there is a sudden cessation of blood flow that severely affects the viability of 

the effected limb, with the major causes resulting in thrombosis and embolism 

that come with significant health risks.  Critical limb ischaemia (CLI) is defined 

as occlusion of blood flow to the limbs, often originally presenting as 

intermittent claudication with the development of ulcers, gangrene and sever 

pain. For patients with claudication, up to 20% will develop CLI. Conditions 

such as diabetes can increase the likelihood of this tenfold, as well as being a 
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leading cause of leg ulcers where PAD exacerbates the wound. If left 

untreated the risk of amputation ranges from 70-95%, [17] with 1-year a 20% 

mortality rate. [18] Acute visceral ischaemia (AVI) is a rare but life-threatening 

condition with 30-day survival rates as low as 28%. AVI can occur when a 

thrombus forms in an occluded artery, creating an embolus which blocks blood 

flow resulting in visceral ischaemia of major organs such as the liver, bowels 

and spleen. This results in life-threatening ischaemia and risks irreversible 

tissue infarction. [19]  

Current primary care treatment plans aim to improve quality of life by 

managing pain as well as lifestyle changes to reduce the progression of PAD 

and the risk of additional CVDs. [20] Such plans include cessation of smoking, 

physiotherapy to improve claudication and pharmacologic agents such as 

antihypertensives and statins. If these interventions are unsuccessful, surgical 

revascularisation may become necessary. This involves opening the arterial 

blockages by balloon angioplasty or bypassing blocked sections of artery 

using venous grafts. Surgery is only available to a limited cohort of patients, 

as the choice is dependent factors like co-morbidities and disease severity. 

Moreover, these operations are often unsuccessful. [21] In emergent cases 

where blood flow is completely restricted, a cascade of events is triggered 

within the tissue. The restriction of blood limits tissue perfusion and 

oxygenation so severely that aerobic metabolism ceases, resulting in the 

formation of harmful free radicals and reactive oxygen species that break 

down cell membranes. Apoptosis is activated, and cell necrosis ensues, [22-

25] leading to irreversible damage with lower limb amputation being the only 

lifesaving treatment option. [10]  

As there is no curative treatment currently available for PAD, there is a clear 

need for the development of an alternative therapeutic. Tissue engineering 

strategies using cell therapy to promote angiogenesis could provide a curative 

therapy by revascularising the ischemic tissue of patients with PAD and CLI. 

For an effective cellular treatment, the therapy should be scalable, cost-

effective, biocompatible and efficiently delivered. [26] The use of biomaterials 

could overcome some of these challenges faced by cell therapies. This work 
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investigated the application of novel polymeric biomaterials, in combination 

with stem cell therapies, for inducing therapeutic angiogenesis to treat PAD. 

 

1.2 Therapeutic Angiogenesis  

 

Angiogenesis is the formation of new blood vessels from pre-existing vessels 

and involves a myriad of cell types and growth factors. [27] Therapeutic 

angiogenesis is a subset of regenerative medicine. The field’s purpose is to 

improve and facilitate angiogenesis to revascularise ischemic tissues. The 

vast body of research into cell and molecular medicine has opened up more 

and more opportunities to develop novel therapies for incurable ischemic 

diseases. By understanding the angiogenic processes and the delivery of 

growth factors, drugs and/or cells can be used to stimulate and control 

angiogenesis to treat ischemic diseases. [28] These novel therapies could 

result in healed tissues, rather than prompting a wound-healing response that 

would ultimately result in less functional scar tissue. [29]  Angiogenesis is 

initiated by inflammation or hypoxia, where HIF-α is produced. [30, 31] Nitric 

oxide stimulates vascular endothelial growth factors (VEGF-a, VEGF-b) and 

basic fibroblast growth factors (FGF-a, FGF-b) which stimulate endothelial 

cells in the basement membrane of the blood vessel. The stimulated 

endothelial cells secrete matrix metalloproteinases and additional enzymes 

that degrade the basement membrane. [32] As the basement membrane 

degrades, the endothelial cells migrate towards the angiogenic growth factors 

(primarily VEGF and FGF). [33] The endothelial cells begin to proliferate and 

deposit basement membrane proteins, forming blood vessel sprouts. The 

endothelial cells then secrete platelet-derived growth factor (PDGF-B), that 

recruits multipotent precursor cells to the site. [34] With the addition of 

transforming growth factor- (TGF-[]), precursor cells differentiate into 

pericytes and halt endothelial cell migration and proliferation. Pericytes 

surround blood vessels, providing support and stabilisation to the vessel by 

depositing extracellular matrix (ECM) molecules that inhibit endothelial cell 

migration. PDGF and TGF-[] also recruit smooth muscle cells that help 

provide contractility to the blood vessels. [35-37]  
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One of the main challenges facing therapeutic angiogenesis is maintaining the 

dose of a therapy long enough for it to be effective. There are a variety of 

therapeutic options to treat PAD by stimulating angiogenesis. One of the most 

widely investigated approaches is the delivery of growth factors. A host of 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

growth factors are essential to drive angiogenesis, with the most prominent 

being VEGF, PDGF and FGF. The delivery of growth factors for in vivo 

treatment of ischemic disease has often resulted in loss of the therapeutic 

1.                                    2.                    3.

  
    
 
 
 
 
 
 
 

 
4.                                     5.                    6. 

  

Tip Cell     Endothelial Cell             Pericyte  

Figure 1.1: Schematic illustrating the main steps in angiogenesis. 1) Pre-existing blood 

vessel. Angiogenesis induced by hypoxia. 2) Endothelial cell activation stimulated by VEGF-

A. Basement membrane begins to degrade and pericytes detach in the presence of Ang-2, 

VEGF, PDGF and MMPs. 3) Endothelial migration and Tip cell formation in the presence of 

VEGF-A, PLGF, FGF and MMPs. 4) Endothelial sprout formation, pericyte recruitment 

VEGF-A, bFGF, HGF, Ang-1/-2. 5) Inhibition of endothelial cell proliferation and lumen 

formation in the presence of VEGF and FGF. 6) Vessel maturation in the presence of Ang-

1 PDGF.  
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agent from the target site. [38] The administration of growth factors for the 

treatment of PAD has been studied in preclinical and clinical settings, however 

it has to overcome drawbacks including growth factor stability, long-term 

efficacy, dose selection and release profiles. [39]   Such issues were 

highlighted in a phase II randomised, double-blind controlled study 

administering VEGF into patients suffering with intermittent claudication as a 

result of PAD revealed no improvement in ABI and quality of life of the patients 

in comparison to control groups. [40] However, the release of growth factors 

can be controlled through the encapsulation within biomaterials, that upon 

degradation would release the growth factor slowly over time. Layman et al., 

2007, encapsulated FGF-2 in gelatine hydrogels. In vivo studies demonstrated 

improvements in reperfusion and capillary densities in mice treated with FGF-

2 gelatine hydrogels in comparison to controls, however this study ended after 

4 weeks and did not evaluate in vivo FGF-2 levels. [39] In addition, Sun et al., 

2005, encapsulated VEGF in PLG for the treatment of PAD, and reported an 

improvement in revascularisation and capillary density with their constructs in 

pre-clinical studies. However similarly, the study did not evaluate in vivo VEGF 

levels or address the long-term effects of the treatments. [41] Due to the fast 

degradation of growth factors (for example, VEGF has a half-life of 

approximately 30 minutes [42, 43]) and administering higher doses of the 

growth factor does not always overcome this drawback, as it can result in 

oncogenic effects, especially with over-administration of VEGF. [44, 45] 

Alternative sources such as viral vectors or cells can be explored in 

combination with biomaterials for the treatment of PAD. 

 

 

Encapsulating the growth factor within biomaterials, to allow for their controlled 

release upon administration, offers a promising solution to this problem. For 

example, Kanematsu et al., 2004, injected FGF encapsulated collagen 

microparticles intramuscularly into mice one week after hindlimb ischemia 

injury. Results showed increase in capillary density and hindlimb blood flow in 

comparison to injection of free FGF, hollow microparticles and no treatment, 

suggesting that controlled release of FGF from microparticles improved 

reperfusion after induced ischemia. [46] There have also been early stage 
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human clinical trials involving the administration of growth factors and 

biomaterials as a treatment for peripheral arterial disease. Marui et al., 2007, 

ran a clinical trial administering VEGF encapsulated into gelatine 

microparticles into patients with critical limb ischemia. After 6 weeks, patients 

reported improvements in pain and claudication. However, there were only 

seven participants in the study. [47] It is important to consider that the 

beneficial effects of growth factors are dependent on the correct timing of their 

expression; matching the release of the growth factor within a delivery device 

is challenging. [48, 49]   

 

In addition, genes engineered to produce angiogenic factors can be used as 

a treatment for PAD. There is extensive research investigating VEGF, FGF 

and hepatocyte growth factor (HGF) within genetic engineering in pre-clinical 

settings. Liposomal delivery of VEGF165, a specific isoform of VEGF, was 

achieved by Makinen et al., 2002, and resulted in an increase in function and 

vascularity in the treated limbs of patients. [50] HGF is also utilised as it has 

not only been shown to promote angiogenesis, but also to reduce 

inflammation. [51] Intramuscular delivery of naked HGF plasmids in patients 

suffering with PAD in a phase 1 clinical trial showed significant improvements 

in patients’ ankle-brachial pressure index (ABPI) and a significant reduction in 

symptoms associated with PAD. [52] Many studies have reported positive 

outcomes after therapeutic treatments for PAD often cite ABPI as the sole 

measure of improvement. ABPI is a ratio of blood pressure at the ankle to 

blood pressure in the upper arm, where a greater drop in the former compared 

to the latter is suggestive of PAD. Unfortunately, ABPI is only reliable in 

patients with severe PAD [11]; Stein et al., 2006, has shown that 46% of 

patients with PAD had normal ABPI tests. [53] These findings have significant 

implications when utilised as the primary test for clinical trials for the treatment 

of PAD.  

 

An alternative way to facilitate tissue regeneration is to allow cells to use their 

inherent programming and signalling to encourage the host tissue to generate 

functional tissues. Many different cell types can be utilised for therapeutic 

angiogenesis, including and not limited to, endothelial cells, [54, 55] 
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macrophages, [56, 57] pericytes [7, 58] and several stem cell types. [59-64] 

Cells can be of allogenic or autologous origin. Autologous patient-derived cells 

can help to avoid inflammation, rejection and the need for immunosuppressive 

therapy. That being said, some patients’ co-morbidities may render use of their 

own cells’ undesirable. By using allogenic cells, large scale-ups, which are 

often required with tissue engineering applications, become possible. In 

addition, the development of ‘off-the-shelf’ products would become a 

possibility, with treatments more readily available in comparison to autologous 

cell-based therapies – this would lead to patients receiving therapies much 

quicker. [65]   

 

Endothelial cells are attractive as an option to facilitate angiogenesis as they 

are vital for the initiation of normal angiogenesis. Endothelial cells secrete 

growth factors and drive the formation of blood vessel sprouts. [34] Rufaihah 

et al., 2011, delivered endothelial cells into the ischemic hindlimbs of mice and 

found that the there was an increase in perfusion and capillary density 

compared to saline-only controls. [66] Ishida et at., 2005 harvested peripheral 

blood mononuclear cells from patient suffering with PAD. The cells were 

administered intramuscularly into the patients’ affected limbs and after 4 

weeks improvements in each person’s ABPI was seen, as well as 

improvements in claudication. However, the cell therapy was in conjunction 

with administration of granulocyte-colony stimulating factor (G-CSF). Without 

appropriate control groups it cannot be determined to what extent G-CSF 

versus cell therapy improved patient outcomes. [67]  

 

Within regenerative medicine, pericytes have been extensively studied for the 

treatment of heart disease, mainly because pericytes can be isolated from 

cardiac tissue. They are also useful because they can maintain microvascular 

function when expanded in vitro and re-implanted in vivo. [68] Cardiac 

pericytes have been have shown to have similar properties to mesenchymal 

stem cells, including the ability to differentiate into multiple cell linages. [69] 

Alvino et al., 2018, were able to show that allogenic cardiac pericytes improved 

vascularisation by increases in capillary density confirmed by histology along 

with a reduction in fibrosis, suggesting the cells were immunologically 
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accepted after transplantation. [58] In addition, other sources of pericytes can 

be used. Campagnolo et al., 2016, developed a polycaprolactone electrospun 

scaffold with incorporated peptides and seeded with vascular pericytes. The 

pericytes provided a source of pro-angiogenic growth factors, which in turn 

increased endothelial cell density. Therefore this construct has potential to be 

successfully used as a vascular graft. [70] In addition, Carrabba et al., 2016, 

studied the effect of pericytes seeded on polycaprolactone/gelatine scaffolds 

implanted around the femoral artery in a murine model of hindlimb ischemia. 

Results showed that the cellularised constructs improved revascularisation 

and arteriogenesis in comparison to controls. [71] However, there is still a need 

for further research into the definition of pericytes, as well as in the 

development of a specific identifying cell marker. Furthermore, there is 

evidence to suggest that pericytes could be involved in the development of 

heart disease, which could in turn affect therapeutic outcomes of the use of 

pericytes in cell therapies. [68, 72]  There have been numerous studies 

involving the administration of peripheral blood mononuclear cells for the 

treatment for PAD, with some reports of improvement in symptoms for 

patients, though other contradictory results have also been reported. [73]  

 

Stem cell therapies have shown great promise in this field due to their abilities 

to differentiate and self-renew. Issues regarding their safety in vivo, specifically 

with regards to tumour formation, highlight a shortcoming of their use. 

Mesenchymal stem cells (MSCs) have been shown to have low tumorigenic 

[74] and immunogenetic activities, [75] to induce collateral blood vessel 

formation and to improve symptoms when administered to patients in a 

randomised clinical trial by Lu et al., 2011. [73] Adipose Derived Mesenchymal 

Stem cells (ADMSCs) can be readily harvested from adipose tissue in large 

quantities. They have been shown to secrete bioactive levels of VEGF, HGF, 

Insulin-like Growth Factor (IGF-1) and FGF, making them an attractive option 

for therapeutic angiogenesis. [76-79] Therefore, ADMSCs have been widely 

researched for cell therapy applications. There are two hypothesised 

mechanisms that explain how ADMSCs improve vascularisation in vivo. The 

first describes the implanted ADMSCs differentiating into cell types that are 

found in and around blood vessels (e.g. endothelial cells, pericytes). The 
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second involves ADMSC secretomes (containing bioactive molecules, growth 

factors and cytokines) that lead to the improvement in vascularisation. [80] 

There is evidence for both arguments, with Moon et al., 2006, transplanting 

ADMSCs into a mouse model of PAD. It was found that the mice treated with 

ADMSCs had significantly higher laser doppler blood reperfusion 

measurements, which in turn lead to an increase in vascular density and von 

Willebrand factor expression. [37] Despite these findings, there have been 

recent studies that have shown that ADMSC secretomes dramatically improve 

wound healing. [81, 82] In addition, stem cell supernatants have been used for 

cardiovascular applications with studies showing improvements in cardiac 

function, [82, 83] growth factor secretion, inflammation and infarct size in in 

vivo studies. Gangadaran et al., 2017, also demonstrated that exposing an 

ischemic hindlimb to stem cell secretomes improves revascularisation of the 

limb by activating VEGF receptors. [84]  Administering the secretomes from 

ADMSCs in vivo reduces the associated risks involved with stem cell 

transplantation. Safety concerns include stem cell spontaneous differentiation, 

tumour and metastasis formation. [85]  In addition to actively secreting 

angiogenic growth factors, ADMSCs for treatment within ischemic tissue may 

be more beneficial over other cell types as it has been extensively shown that 

ADMSCs have increased survival and angiogenic behaviour in hypoxic 

conditions. [86] When exposed to hypoxia in vitro, VEGF, bFGF and HGF 

levels are increased, which in turn improves revascularisation. [79, 87, 88] 

Furthermore, ADMSCs in vitro are responsive to angiogenic growth factors. 

When transplanted from a normoxic to ischemic environment, this could cause 

a cascade of events leading to promotion of angiogenesis and 

revascularisation, as there are increases of VEGF secretion in ischemic tissue 

of patients with PAD as the tissue attempts to initiate angiogenesis. [89, 90]  

Vu et al., 2017, administered ADMSCs via injection into the rectus femoris 

muscle of mice with surgically induced hindlimb ischemia. The authors 

reported that the ADMSCs migrated to the thigh and heal of the mice, and the 

administration of ADMSCs improved the expression of angiogenesis-related 

genes, however this effect was also seen in the control PBS group. [91]  

Numerous studies have shown that delivering cells by suspension via injection 

results in minimal retention of cells at the implant site, with up to 90% loss after 
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24 hours and long-term retention of less than 1%. [4, 77, 92-98] Without an 

effective way of delivering cells to the target site, the potential of cell therapies 

remains limited. To overcome these challenges, a biomaterial can be used to 

act as an anchor for the cells. [58, 87-89] Cells can be seeded onto a 

biomaterial in vitro and then implanted in vivo, with the possibility of delivery 

via minimally invasive methods. By allowing anchorage of dependent cells the 

opportunity to attach to a surface, this increases the survival of the cells, which 

would otherwise apoptose if left in suspension. [6, 99] This supports cell 

attachment, proliferation and survival of the cells in vivo, as once the cells are 

successfully delivered, they are more likely to be retained at the implant site 

and have their intended therapeutic effect. This would thereby create a more 

successful cell therapy. [76] 

 

1.3 Biomaterials and Tissue Engineering  

 

Biomaterials are materials that are designed to replace or repair a system or 

function in the body. [100] They can be produced from natural (e.g. chitosan 

or hyaluronic acid) or synthetic (e.g. polymers, ceramics or metals) materials 

and can be used in a variety of different ways. These include metals to replace 

joints and bones such as the stainless steel Charnley hip replacement, [101] 

Zirconia ceramic dental implants [102] and polymer drug delivery devices. 

[103] Certain properties are critical for a biomaterial, including biocompatibility, 

non-toxicity and appropriate mechanical properties. Additional properties can 

be achieved through selection of a material and the production process. These 

include mechanical strength, reproducibility, size, porosity, surface structure, 

bio-integration ability and degradability (specifically biodegradability). [104] 

When a material is biodegradable, it negates the need for the removal of said 

material. Ideally the degradation products would be naturally metabolised by 

the body, as is the case with poly (lactic-co-glycolic acid) (PLGA) which 

degrades into lactic acid and glycolic acid. [105] Polymers are often chosen to 

be used as a biomaterial in conjunction with cells due to their biocompatibility 

and ability to be modified.  
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This work primarily focuses on PLGA. PLGA was chosen as it has shown great 

potential as a biomaterial, with current applications including biodegradable 

sutures and drug delivery vehicles. [106] PLGA has been used in a variety of 

tissue engineering applications. For example, Rocha et al., 2009, implanted 

encapsulated VEGF in PLGA microparticles into a tissue-engineered intestine 

in order to promote epithelialisation. One study revealed that the 

microparticles had a sustained release of active VEGF and had increased 

capillary density and epithelial cell proliferation in large intestinal constructs. 

[107] R. Ahmadi et al., 2008, showed that smooth muscle cells had superior 

attachment and delivery on PLGA microparticles over gelatine microparticles 

to treat faecal incontinence. [108] PLGA has also been utilised in cartilage 

tissue engineering, with Dai et al., 2010, creating  PLGA/collagen meshes with 

mechanical strength comparable to native cartilage and that successfully 

culture chondrocytes. [109] PLGA is highly tuneable; the copolymer ratios can 

be adjusted to alter degradation, mechanical strength and porosity. [110]  It 

has been well established that monomer ratios within PLGA are the driving 

factor in influencing degradation. Poly (lactic acid) contains methyl side groups 

that make it more hydrophobic than poly (glycolic acid). The more methyl side 

groups present the less water the polymer is able to absorb, resulting in less 

breaks in the ester bonds and slower degradation. [111] In addition the 

presence of glycolic acid accelerates weight loss of the polymer and thus 

faster degradation. Therefore, polymers with higher lactic acid and lower 

glycolic acid contents, such as PLGA 85:15, will degrade much slower than 

PLGA 65:35. However, there are other properties that affect degradation rate, 

including molecular weight of the polymer chain, surface area to volume ratio 

and the inherent viscosity of the polymer. [105] Inherent viscosity is dependent 

on the molecular weight and relative viscosity of a polymer. Two PLGA 

polymers can have the same copolymer ratios, but if they have different 

inherent viscosities, they can behave very differently. The higher the inherent 

viscosity, the slower the degradation rate of the polymer.  

There are a variety of methods for producing polymeric scaffolds, all with 

different advantages and disadvantages depending on the desired 

characteristics and applications. For example, water-oil (W/O) or water-oil-
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water (W/O/W) emulsion methods are used to produce microparticles with an 

encapsulated drug in the centre and are especially utilised for water soluble 

drugs. [112] Unfortunately, these methods are often not appropriate for large 

scale production. [113] Electrospraying is the process of producing polymer 

microparticles by subjecting polymer droplets to electrical forces. The droplets 

become charged and therefore do not clump or coagulate when collected. 

[114] By varying the processing parameters (voltage, distance between the 

needle and surface and polymer concentration) the properties of the 

microparticles can be controlled. To get precisely sized microparticles, the 

polymer can be jetted with acoustic excitation to enable production of near 

monodisperse microparticles. [115] In recent years 3D printing has been 

become increasingly popular for use in tissue engineering. 3D printing is a 

large and complex field but put simply involves a material (metal, ceramic or 

polymer) solution being extruded dropwise onto a surface and forming a 3D 

structure layer by layer. A digital template is often used to control size, 

geometry and interconnected porosity. [116] One of the greatest advantages 

of this technology is that it can be used in personalised medicine as structures 

are made in accordance to exact specifications. For example, 3D printing is 

particularly beneficial for craniofacial tissue engineering as anatomically 

accurate prostheses can be produced, improving functional and aesthetic 

outcomes. [117] 3D-printed atomically accurate models, taken from scans 

specific to a patient, have also been shown to be useful for surgeons in dental, 

cardiovascular, oncological and reconstructive surgeries. [118-120] 

Disadvantages of 3D printing include that it is unable of efficiently produce 

nano-scale structures, and material properties such as viscosity can influence 

outcomes (as highly viscous solutions would not be able to pass through the 

nozzles). Phase inversion or separation [121] is another method used to 

produced microparticles. The polymer (dissolved in a solvent) is extruded 

through a nozzle producing polymer droplets, which then undergo a liquid-

liquid phase separation. With thermally-induced phase separation (TIPS), this 

separation occurs due to a large temperature change which can be achieved 

by freezing the polymer solution in liquid nitrogen. [122] The result is a 

polymer-rich and polymer-poor phase within the material. The polymer-poor 

phase is removed by lyophilisation to produce highly porous structures. [123-
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125] The TIPS process can also be used to make nano-, micro- or macro-

particles, fibres, polymer films and polymer coatings. [126] 
 

As with 

electrospraying, by adjusting polymer concentration, thermal quenching, 

solvent and copolymer ratios TIPS properties can be controlled. In addition, 

the quenching temperature and time can influence the material characteristics 

- if the material is rapidly cooled at a lower temperature, smaller pores will 

form, as fewer crystals form within the structure and phase separation has less 

time to occur. [127] One advantage to the TIPS process is its control over 

porosity. Porosity is a highly desirable property for many regenerative 

medicine applications, as a scaffold with an interconnected porous structure 

allows for movement of nutrients as well as cell communication, cell 

proliferation, cell migration, tissue ingrowth and neovascularisation. Unlike the 

TIPS process, other methods such as porogen leaching and W/O or W/O/W 

produce materials with poor interconnectivity. [113] TIPS processed polymers 

have been utilised in a range of tissue engineering applications. Chen et al., 

2018, engineered poly(lactide)/poly(aniline) nano-fibres using TIPS for bone 

tissue engineering. It was determined that osteogenic differentiation from 

mesenchymal stem cells was significantly promoted on the TIPS materials. 

[128] Stem cells have also been successfully differentiated into neural cells on 

TIPS poly (lactic acid) microparticles. When comparing stem cell survival and 

differentiation on TIPS microparticles to traditional cell culture, Zare-Mehrjardi 

et al., 2011, found through histology that the stem cells had successfully 

infiltrated the TIPS materials and that these samples had an increase in the 

expression of neural markers as well as neurite outgrowth. [129]  

The desired levels of porosity are dependent on the intended use of the 

scaffold. For example, a scaffold for cartilage tissue engineering would not 

need to be completely neovascularised, as natural cartilage is avascular and 

contains no nerves, therefore a less porous scaffold would suffice. [130] 

However, scaffolds for muscle, bone or cardiovascular engineering would 

require higher porosity. [131-133] In addition, porosity can strongly influence 

mechanical properties of the scaffold and these properties are dictated by the 

tissue in which it is implanted. A material intended to replace cartilage, for 

example, would need to have sufficient mechanical ability to take high loads 
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and impacts, which would be reduced with porosity. [134] Vozzi et al., 2018, 

produced 8 mm x 2 mm scaffolds from polyester urethanes. The scaffolds 

were cultured with cardiomyocytes and analysed for contractility for 14 days. 

The authors concluded that the architecture of the TIPS scaffolds sufficiently 

mimicked the structure of the ECM, allowing for improved contractility and 

alignment of the cells. However, further studies would be required involving in 

vivo analysis of the construct. [135]    

1.3.1 Biomaterials and Cardiovascular Disease 

 

There have been multiple pre-clinical and clinical studies involving the use of 

cell therapy for the treatment of cardiovascular disease. A meta-analysis of 19 

randomised placebo-control clinical trials involving the administration of cell 

therapies to 837 patients with critical limb ischemia, conducted in 2017 by 

Rigatto et al., 2017, showed that cell therapy (bone marrow stem cells or 

mononuclear cells) improved pain, limb perfusion, claudication and wound 

healing by 59%, as well as reducing the risk of amputation by 37%. [136] This 

suboptimal reduction in amputation risk could be attributed to the well-

documented observation that injecting cells results in poor retention and 

survival of those cells at the implant site. [127] Biomaterials can be used to act 

as an anchor for the cells and thus improve the success of cell therapies. [58, 

87-89] It has been hypothesised that by mimicking the ECM structure, 

biomaterials for tissue engineering applications may be more successful.  

 

Hydrogels comprising ECM components (for example: hyaluronic acid, 

collagen and fibrin) could achieve this. In the treatment of cardiovascular 

disease, many studies encapsulate growth factors within a hydrogel rather 

than encapsulating cells. This is perhaps due to issues with cell seeding due 

to lack of penetration and control over hydrogel formation. [137] However, 

Tang et al., 2011 injected endothelial cells with a hyaluronic based hydrogen 

before intramuscular implantation in ischemic tissue and observed that by 

doing this, cells were retained longer at the implant site. Additionally, Katare 

et al., 2013, encapsulated MSCs in alginate microbeads for the implantation 

in ischemic hindlimbs of mice. The constructs were shown to promote 
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reperfusion of the treated limbs, as well as a marked increase in VEGF-A and 

capillary density. [138] There are however significant challenges facing 

hydrogel-based tissue engineering. Hydrogels have been shown to have 

poorer mechanical properties when compared to other biomaterials, making 

them unsuitable for certain applications. Hydrogels have also been shown to 

be less successful when multiple cell types are required, so are less promising 

for more complex tissues. [137] Chow et al., 2017, acknowledged the 

challenge of achieving effective cell engraftment faced in cell therapy; they 

proposed encapsulating induced pluripotent stem cell cardiomyocytes in 

hydrogels combined with erythropoietin to allow cell retention as a treatment 

for myocardial infarction. They found that combinations of ‘hydrogel and 

erythropoietin’, ‘hydrogel’, ‘erythropoietin and cells’ and ‘cells-only’ all 

improved cardiac function. However, they we unable to show that the hydrogel 

improved cell retention compared to the ‘cell-only’ control, suggesting that 

while the hydrogel only group showed increased ventricular wall thickness, 

hydrogels may not be the most suitable biomaterial to improve cell retention 

at the implant site. [139] In addition, Speidel et al., 2017, developed a hydrogel 

that modulated with heparin binding sites to improve the mechanical properties 

of the material, specifically to deliver cardiac progenitor/stem cells to infarcted 

myocardium. [140]  

 

Nanoparticles have also been investigated for the treatment of PAD. They can 

be functionalised with peptides, drugs or ligands in order to treat specific 

diseases. Several studies have incorporated growth factors within polymeric 

nanoparticles (such as VEGF) for the administration into murine models of 

PAD. [141] However, there are still concerns with the use of nano-scale 

materials, such as the risk of nanoparticles entering the circulatory system, 

accumulating in lymph nodes or crossing the blood brain barrier. [142] In order 

to overcome the safety concerns with nano-scale materials, and the 

mechanical stability issues with hydrogels, polymer microparticles or patches 

offer one solution. Kapnisi et al., 2018, reported on the development of a 

micropatterned cardiac patch with mechanical and conductive properties that 

aided in the treatment of myocardial infarction. In vivo studies revealed the 

mechanical and conductive properties of the patch matched the myocardium 
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and did not have any adverse effects on cardiac function, highlighting the 

importance of mechanical properties. [143]  Furthermore, Mirabella et al., 

2017, manufactured channelled fibrin patches via 3D printing and seeded 

them with endothelial cells as a treatment for ischemic disease. The 

cellularised constructs, unpatterned and acellular substrates were implanted 

into a murine hindlimb ischemia (HLI) model. After comparing the implanted 

groups, the authors concluded that the patterned cellularised grafts allowed 

the most effective bio-integration, which in turn drove the perfusion of the 

ischemic limb. The authors acknowledged that the procedure required 

anastomosis and also did not report on the degradability, which in turn raises 

concerns about the long-term success of the implant. [144, 145] 

 

Mima et al., 2012 coated polylactic acid microparticles with a hydroxyapatite 

coating to improve bone marrow mononuclear cell attachment. The 

cellularised construct was implanted into a murine model of peripheral artery 

disease. The authors concluded that seeding the cells onto the microspheres 

resulted in improved cell retention at the implant site and a reduction of cellular 

apoptosis in comparison to the cell-only group. In addition, angiography results 

showed that mice treated with the cellularised microspheres had improved 

reperfusion rates and further analysis showed higher intermuscular levels of 

VEGF and FGF-2. A control group of cellularised polylactic acid microparticles 

without the hydroxyapatite coating could have been included to assess the 

effect of the coating and the direct contact to polylactic acid on the cells. [146] 

The use of PLGA microparticles have been widely explored in the tissue 

engineering field. [105, 147-151] Huang et al., 2012, reported that PLGA 

microparticles seeded with bone marrow derived stem cells injected into 

infarcted rat myocardium resulted in improved retention at the implant site, 

improvements in cardiac function and stem cell engraftment. [152] Hoareau et 

al., 2018 demonstrated that combining cell therapy (stromal vascular cells) 

with PLGA microparticles for the treatment of CLI induced significant 

improvements in revascularisation and necrosis in pre-clinical studies 

compared to cell-only therapy, which did not aid in recovery rates. [153] In 

addition, Saif et al., 2010, encapsulated VEGF, Ang-1 and HGF in different 

combinations along with the addition of vasculogenic progenitor cells and 
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evaluated their effect on neovascularisation in vitro and in vivo. They found 

that the combination of growth factors slowly released by the degradation of 

the microparticles and the cell therapy improved neovascularisation. The 

authors describe their choice to use PLGA microparticles over hydrogels as 

they are highly tuneable, can be chemically modified and provide mechanical 

support to the tissue. [154]  

Despite an extensive search, little can be found on the use of PLGA 

microparticles in combination with ADMSCs for the treatment of PAD. The 

majority of studies focus on either the encapsulation of angiogenic growth 

factors within microparticles, [46, 47, 154-156] genetically modified stem cells 

to express increased quantities of growth factors, [156-159] the delivery of 

cell/hydrogel constructs [137, 138, 160] or for bone tissue engineering. [161-

165] For example, Paterson et al., 2018, developed highly porous polymeric 

microparticles that had increased in vitro angiogenic activity with the ability to 

support cell proliferation and ingrowth for use in bone tissue engineering. [166] 

Clearly there is scope for further research into the use of PLGA microparticles 

with ADMSCs to promote angiogenesis as a therapy for PAD. 

1.4 Effect of Biomaterial Physical Properties on Cell Behaviour  

Research into the effect of biomaterial physical properties on cell behaviour is 

vast. Topography, stiffness, plasticity, hydrophobicity and mechanics are just 

a mere selection of the properties of a material that can not only be 

manipulated but affect cell behaviour intentionally or otherwise. Traditionally, 

cells are cultured and expanded in 2D tissue culture. This has been adequate 

to study cells in the past, making it easier and more efficient for expansion and 

investigation into cell interactions. However, 2D surfaces do not accurately 

represent cell environments in vivo, and it has been well established that cells 

behave differently in 2D culture in comparison to 3D culture. Changes include 

spreading, morphology, differentiation and survival. [167] However, the 

addition of topographic features, such as grooves, pores, pits cell attachment 

can be increased even on 2D surfaces, as they can become representative of 

3D microenvironments. This can positively influence cell behaviour in terms of 
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the direction of growth, spreading, proliferation, adhesion and differentiation of 

cells. [167, 168] Increasing surface roughness at the macro and nanometre 

scale can lead to more efficient cell attachment, which is essential for the 

success of many implants and tissue engineering constructs. [169]  

It has been shown that surfaces which diverge further from ECM features and 

mechanics more drastically affect cell fate. [170]  When exploring the effect of 

the ECM on biomaterials for therapeutic angiogenesis, material characteristics 

focus on either the biological cues the ECM provides, or on endothelial cell 

interactions with the ECM. This is because the ECM, and the degradation of 

the basement membrane by endothelial cells, play a critical role in 

angiogenesis. [32] However, it has been proffered that by mimicking the 

physical characteristics of the ECM, cell behaviour can be controlled. The 

ECM is porous, rough and has micro- and nano-scale topological features. 

[171-173]  The influence of the ECM on cell attachment and proliferation is 

thought to be due to the topological features causing clustering of the cells’ 

integrins. This results in changes to cellular actin cytoskeletal organisation 

[174] and thus the shape of the cells, as shown by Gilber et al., 2014. [175] 

Cell shape changes can guide cell proliferation, as well as influence stem cell 

differentiation and cell survival, as rounded cell shape can trigger apoptosis. 

[175, 176] Cells have been shown on many occasions to follow patterns of 

surfaces. If these patterns are in conjunction with the cell’s preferred shape, 

this can be beneficial. Jang et al., 2010, showed the neurite filopodia 

outgrowth was improved along long ridges and grooves compared to smooth 

surfaces. [177]  Stiffness, or the rigidity of a material, heavily influences cell 

behaviour. Once a cell attaches to a material, the stiffness will exert a certain 

amount of strain on the cell which can influence cell proliferation, differentiation 

and cell survival. [178] In general, cells attached to stiffer surfaces will have 

more organised, stiff cytoskeletons and stronger integrin and focal adhesion 

bonds than cells attached to softer surfaces. This results in an increase in 

proliferation. [179] In addition, Bellas et al., 2014 reported that VEGF secretion 

from endothelial cells was increased when these cells were cultured on stiffer 

surfaces, due to activation of GATA2 and Rho pathways. [175] Pluripotent 

stem cells cultured on stiff surfaces will preferentially differentiate into 
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osteocytes in comparison to adipogenic and chondrogenic linages which 

prefer softer surfaces. [180, 181] Studies have shown that it is possible to 

differentiate stem cells into cardiomyocytes on various biomaterials. [182, 183] 

However, it has also been shown that cardiomyocyte differentiation is possible 

in suspension, [60] with stiffness influencing contractility of the cells, rather 

than affecting the differentiation. [184, 185] It is widely reported that 

mesenchymal stem cells, such as bone marrow-derived or adipo-derived, can 

be differentiated into adipo-, neuro-, chondro- and osteo-lineages. [186] Many 

factors can influence the differentiation of stem cells. In vitro, this involves the 

addition of specific supplements to cell culture medium. [187, 188] However, 

many researchers have observed the spontaneous differentiation of stem 

cells. Through research, it has been discovered that the characteristics of the 

material which cells are cultured on influence their differentiation abilities. It 

has been shown that stiffer substrates promote the differentiation into 

osteogenic lineages, whereas softer substrates result in differentiation into 

adipocytes and neurons. [181] 

As previously mentioned in Section 1.3, there are numerous investigations into 

the use of biomaterial and cell therapy strategies for therapeutic angiogenesis 

in bone tissue engineering applications. This includes the study of how surface 

topography and physical properties of biomaterials can affect the angiogenic 

behaviour of cells. [161-165] Despite the extensive research into PLGA as a 

promising biomaterial and ADMSCs as an angiogenic cell therapy discussed 

in this chapter, little is known about the effect of surface topography of PLGA 

biomaterials on the secretion of angiogenic growth factors from ADMSCs. This 

work will investigate the effect of the unique hierarchical topography of TIPS 

processed PLGA on the secretion of angiogenic growth factors from ADMSCs 

for the treatment of PAD. 

 

1.5 Hypothesis 

The hypothesis of this project is as follows: ‘Hierarchical textured surface 

topographies promote the secretion of angiogenic growth factors for 

therapeutic angiogenesis’.  
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Part I. Evaluation of TIPS-Processed Films 

 

1. Introduction 

 

Thermally induced phase separation (TIPS) was previously discussed and 

outlined in Section 1.3. It was used to fabricate constructs with unique 

topographical features where the processing parameters were tuned to 

produce polymer constructs with different physical characteristics. 

 

Briefly, the TIPS method was used to process polymers through subjecting 

polymers, in this case primarily PLGA dissolved in solvent, to a large 

temperature change, which resulted in materials with highly porous structures. 

This produced biocompatible materials, as the toxic solvent was removed 

during the lyophilisation stage of processing, as well as PLGAs inherent 

biocompatibility as its degradation products are lactic acid and glycolic acid, 

which are naturally metabolised and excreted from the body. [105] The TIPS 

process is highly tuneable; it can be used with a range of polymers and 

solvents and parameters such as polymer compositions, drop height and 

quenching time can be adjusted. With this comes further influence over the 

materials properties, as for example adjusting the porosity of a material can 

ultimately influence its degradation rate, mechanical integrity and in vivo 

behaviour. [122]  
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Part I. 

Chapter 2: Preliminary Evaluation of TIPS-

Processed Films 

 

 

2.1 Introduction 

 

This chapter describes the fabrication of a range of different TIPS polymer 

films and reports the physical characterisation of the materials using various 

microscopy techniques, roughness and stiffness measurements. ADMSCs 

were seeded onto TIPS processed polymer films and preliminary biological 

characterisation experiments were performed. Cellular behaviour was 

assessed through LIVE/DEAD staining and angiogenic growth factor 

secretion, with the view to select a polymer formulation to be studied further. 
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2.2 Methods  

2.2.1 Polymer Solution Preparation 

To produce polymer solutions 1 g of PLGA 5010 (PURASORB PDLG 5010, 

50/50 DL-lactide/glycolide copolymer, inherent viscosity 1.0 dl/g, Corbion 

Biomaterials, Gornchem, Netherlands), PLC 7015 (PURASORB PLC 7015, 

70/30 L-lactide/caprolactone copolymer, 1.5 dl/g Corbion Biomaterials, 

Gornchem, Netherlands), PLGA 7502-A (PURASORB PDLG 7502 Acid 

terminated, 75:25 DL-lactide/glycolide copolymer, inherent viscosity 0.2 dl/g, 

Corbion Biomaterials, Gornchem, Netherlands), PLGA 7502 (PURASORB 

PDLG 7502, 75:25 DL-lactide/glycolide copolymer, inherent viscosity 0.22 

dl/g, Corbion Biomaterials, Gornchem, Netherlands) and PLGA 7507 

(PURASORB PDLG 7507, 75:25 DL-lactide/glycolide copolymer, inherent 

viscosity 0.70 dl/g, Corbion Biomaterials, Gornchem, Netherlands) were 

dissolved in 10 mL dimethyl carbonate (DMC) (anhydrous >99%, D152927, 

Sigma Aldrich, UK) to produce 10 wt% solutions and 0.5 g of polymer 

dissolved in 10 mL DMC in 50 mL Falcon tubes (352070, BD Biosciences, 

USA) to produce 5 wt% solutions. Samples were mixed using magnetic stirring 

for 18 hours at room temperature. As polystyrene could not be dissolved in 

DMC, an alternative solvent with low toxicity was chosen. 1 g and 0.5 g of 

polystyrene (174950, ThermoFisher, UK) was dissolved in 10 mL 2-

Butane/methyl ethyl ketone (MEK) (anhydrous >99%, 445468, Sigma, UK) in 

50 mL Falcon tubes (352070, BD Biosciences, USA) using magnetic stirring 

for 18 hours at room temperature to produce 10 wt% and 5 wt% solutions.  

 

 

Polymer Name 

 

Lactic Acid % 

 

Inherent Viscosity (dl/g) 

 

PLGA 5010 

 

50 

 

1.00 

 

PLGA 7502-A 

 

75 

 

0.20 

 

PLGA 7502 

 

75 

 

0.22 

 

PLGA 7507 

 

75 

 

0.70 

 

PLC 7015 

 

70 

 

1.50 

Table 2.1: Summary of polymer compilations used to produce polymer films. 
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2.2.2 TIPS Film Material Preparation 

13 mm diameter 0.16 mm thick D263 M Borosilicate cover glasses (631-0150, 

VWR, UK) were coated in the polymer solutions (as prepared in Section 2.2.1) 

by holding individual coverslips with tweezers and manually submerging them 

into the polymer solution. Excess solution was discarded by holding the 

coverslip at a 90oC angle and dabbing the edge on a paper towel.  The coated 

coverslips were then immediately immersed into 200 mL of liquid nitrogen in a 

100 mm diameter stainless steel container (Endecotts, Fisher Scientific, 

12348069, UK) to induce phase separation. In order to ensure the residual 

DMC did not exceed its melt temperature (2-4oC), that would dissolve the 

polymer coating, the samples were immediately transferred to a -80oC freezer 

before being transferred to a freeze-dryer (Edwards Freeze-dryer, EF03, 

Edwards, West Sussex, UK). Once under vacuum, the samples were 

lyophilised for 18 hours to allow the sublimation of residual DMC from within 

the material. 

 

2.2.3 Control Film Material Preparation 

PLGA 7502 (PURASORB PDLG 7502, 75:25 DL-lactide/glycolide copolymer, 

inherent viscosity 0.22 dl/g, Corbion Biomaterials, Gornchem, Netherlands) 

and PLGA 7507 (PURASORB PDLG 7507, 75:25 DL-lactide/glycolide 

copolymer, inherent viscosity 0.70 dl/g, Corbion Biomaterials, Gornchem, 

Netherlands), PLGA 5010 (PURASORB PDLG 5010, 50/50 DL-

lactide/glycolide copolymer, inherent viscosity 1.0 dl/g, Corbion Biomaterials, 

Gornchem, Netherlands) and PLC 7015 (PURASORB PLC 7015, 70/30 L-

lactide/caprolactone copolymer, 1.5 dl/g Corbion Biomaterials, Gornchem, 

Netherlands) 10 wt% polymer solutions were prepared as in Section 2.2.1. 13 

mm diameter 0.16 mm thick D263 M Borosilicate cover glasses (631-0150, 

VWR, UK) were coated as described in Section 2.2.2. Coated cover glasses 

were placed flat onto non-adhesive sheets (DY992, R&D, UK). The coated 

cover glasses were left to completely dry for 72 hours in a fume hood. For the 

polystyrene control 13 mm x 0.2 mm cell culture treated sterile Thermanox 

plastic coverslips (174950, ThermoFisher, UK) were used. 
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2.2.4 High-Resolution Imaging Using Scanning Electron Microscopy 

Scanning Election Microscopy (SEM) was used to examine the ultrastructural 

features of polymer films. The samples were mounted onto aluminium stubs 

via carbon tabs and allowed to completely dry. Prior to imaging, each sample 

was sputter coated with gold/palladium alloy in an argon atmosphere. Samples 

were imaged using a Jeol 7401 high resolution field emission SEM at a range  

of magnifications (x200-x3000). 

 

2.2.5 Surface Texture Analysis Using Atomic Force Microscopy 

Atomic force microscopy (AFM) was used to quantify the surface roughness 

and stiffness of polymer films. Images were taken with a JPK Nanowizard 

atomic force microscope (JPK Instruments, Germany) fitted with a Respa-10 

etched silicone probe or a MSNL-10 6 cantilever 0.01-0.5 N/M sharp nitride 

level probe (Bruker, UK). The AFM and cantilevers were calibrated before 

imaging. To calibrate the microscope the cantilever tip was aligned to the laser, 

the photodiode was centred and was ensured to have a full range of motion. 

Images were acquired in liquid tapping mode in PBS (P5493-1L, Sigma, UK). 

A 50 m x 50 m area of each sample was measured with 3-5 scans per 

sample at 512 x 512 pixels. From these images, the average roughness values 

were obtained using JPK analysis software source (JPK Instruments, 

Germany). The cantilevers were calibrated for stiffness measurements by 

creating force curves for the sensitivity and spring constants, where peaks in 

the curves corresponded to the force required on the cantilever for stiffness 

measurements. 63 points within the scanned sample were measured 

producing individual force curves and average results were obtained. The 

cantilevers were replaced every 6-8 scans and re-calibrated before each use. 

 

2.2.6 Surface Texture Analysis Using Dektak XT Surface Profilometry 

Dektak XT Surface Profilometer (Bruker, USA) was used to measure the 

surface roughness of 7507 PLGA TIPS, 7502 PLGA TIPS, 5010 PLGA TIPS, 

7507 PLGA control, 7502 PLGA control, 5010 PLGA control and polystyrene 

polymer films. The Dektak profilometer used stylus contact to measure the 

average roughness of the polymer films while also providing 2D profiles and 
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3D maps of the scanned area. The samples were loaded onto the scan stage 

and the door of the machine was closed to avoid the effects of noise pollution, 

vibrations and dust that can interfere with the measurements. Samples were 

measured at ambient temperature and dry conditions. Once loaded the stylus 

made contact with the sample to establish the baseline point, from this hills 

and valleys 50% above and 50% below the baseline were measured. The 

maximum range of 1A/6.55 µm vertical resolution and 1 µm step height was 

selected.  Due to the brittle nature of the PLGA and its low deformation point, 

the lowest stylus tracking force of 1 mg was selected, with the exception of 5 

mg for PLC TIPS films (that has relatively higher stiffness in comparison to 

PLGA). [189] The maximum scan length of 2000 m was selected, due to the 

large diameter of the polymer films. Using the live video display the location of 

measurement was chosen at three random points on the surface of each 

polymer film to produce average measurements of surface roughness.  

 

2.2.7 Adipose-Derived Mesenchymal Stem Cell Culture 

Cell cultures were carried out using aseptic techniques and in a class II laminar 

flow hood. StemProTM human adipose derived stem cells (ADMSCs) were 

purchased from ThermoFisher (single non-diabetic donor from human 

lipoaspirate tissue, 1x106 cells/mL in MesenPRO RSTM medium at 1 passage, 

R7788-115, ThermoFisher, UK).  MesenPRO RSTM medium (12746-012, 

Thermofisher, UK) was prewarmed in a 37oC water bath. MesenPro RSTM 

Growth supplement (R7788-110, Thermofisher, UK) was added to 500 mL of 

the basal medium with 5 mL 200 mM L-Glutamine (25030081, Gibco, UK). 

The ADMSCs were rapidly thawed in a 37oC water bath and added to 10 mL 

complete MesenPro RSTM medium in a 30 mL centrifuge tube (60.9922.212, 

Sarstedt, Germany). The cell suspension was then centrifuged for 5 minutes 

at 1000 rpm. The media was discarded, and the cell pellet resuspended in 12 

mL of MesenPro RSTM media and seeded into a T75 cell culture flask (156499, 

ThermoFisher, UK) at a density of 2 x105 cells/cm2.  

 

The growth of cells were monitored using light microscopy and cells were 

passaged once they reached 60-80% confluency. The culture medium was 



 67 

removed using sterile 10 mL pipettes, ensuring it did not disturb the cell 

monolayer. 5 mL of 1X PBS was added to the flask to gently wash the cells. 

This was removed and discarded. 0.25% sterile filtered Trypsin-EDTA (pH 7.0 

-7.6, T4049, Sigma, UK) solution was thawed and added to the monolayer of 

cells. The T75 flask was closed and placed back into the incubator. After 2-5 

minutes the flasks were removed from the incubator and checked under a light 

microscope to evaluate cell detachment. The flasks were returned to the 

laminar flow hood, and 10 mL of complete MesenPro RSTM media was added 

to neutralise the trypsin-EDTA. This solution was then transferred to a sterile 

30 mL centrifuge tube (60.9922.212, Sarstedt, Germany) and centrifuged at 

1000 rpm for 5 minutes. The media was discarded, and the cell pellet was 

resuspended in 1 mL complete media. To determine cell number and viability, 

the NucleoCounter NC-200 automated cell counter (Chemometec, Denmark) 

was used.  200 L of the cell suspension was transferred to a sterile 1.5 mL 

microcentrifuge tube (E1415-1500, StarLab, UK) and loaded into pre-

calibrated Via1-Cassettes containing acridine orange and DAPI. The cassette 

was placed into the NucleoCounter and cell population and viability were 

calculated as a result of the acridine orange signal. For all experiments, only 

ADMSCs between passages 4 and 7 were used. If passaging was not 

required, the media of the cells was replaced every 2-3 days. The culture 

media was removed ensuring not to disturb the cell monolayer. 5 mL of 1X 

PBS (prewarmed to 37 oC) was added to the flask to gently wash the cells. 

This was removed and discarded. 12 mL of prewarmed complete MesenPro 

RSTM media was added to the flask. The flask was placed into an incubator at 

37oC/5% CO2 until passaging or additional media changes were required. 

 

2.2.8 Cellularising Polymer Constructs 

TIPS and control polymer films were placed into sterile low attachment 24 well 

plates (CLS3527, Sigma, UK) and UV sterilised for 1-2 hours. Polymer films 

were hydrophilised by combining 1 mL of 70% absolute ethanol (E10600/05, 

Fisher Scientific, UK) to 4 mL MesenPro RSTM reduced serum medium. 0.5 

mL of the ethanol/media was added to each film. The plate was placed onto a 

plate shaker and samples were incubated at 37oC 5% CO2 with gentle 
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agitation overnight. Polymer films were washed with pre-warmed 1X  PBS and 

seeded with 1x105 cells/well P4-P7 ADMSCs in complete MesenPro RSTM 

reduced serum medium. Plates were incubated at 37oC 5% CO2. 0.45 mL 

supernatants were collected at days 1, 4, 7 and 10, frozen and replaced with 

50 mL fresh medium.  

 

2.2.9 Assessing Cell Viability with LIVE/DEAD Staining 

LIVE/DEAD viability assay is fluorescence based, that uses calcein-AM that 

enters cells and is converted to fluoresce green by esterases present in live 

cells and EthD-1 dye that can only pass through the disrupted membranes 

of dead cell cells and fluoresces red. The assay can be used to assess 

viability by simply counting the live and dead cells. [190] LIVE/DEAD 

staining was used to assess the cell viability of ADMSCs seeded density of 

1x105 cells/well in complete MesenPro RSTM media onto 7507 PLGA TIPS 

polymer films, 7502 PLGA TIPS polymer films, 5015 TIPS polymer films, 

7502-A TIPS polymer films, PLC TIPS polymer films, polystyrene TIPS 

films, 7507 control polymer films, 7502 PLGA control polymer films and 

polystyrene films at 10 wt% and 5 wt%. The culture media was removed, 

and the polymer films were gently washed with 1 mL 1X PBS (P5493-1L, 

Sigma, UK). Control samples were also produced by seeding cells onto 

glass coverslips and killed with 70% methanol for 30 minutes. 20 µL of 2 

mM EthD-1 stock was added to 10 mL sterile 1X PBS (P5493-1L, Sigma, 

UK) and vortexed to make a 4 uM concentration. 5 µL 4 mM calcein AM 

stock was added to create the complete LIVE/DEAD dye. 500 µL of the dye 

was added directly to the coverslips and cells and incubated for 40 minutes 

avoiding direct light. To visualise the dead cells a Texas Red dye filter at 

528-617 nm was used and for the live cells a fluorescein bandpass filter at 

494-517 nm was used with Olympus TIRF inverted microscope (The 

Confocal Imaging unit, Rockefeller Building, UCL, London).   
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2.2.10 Preliminarily Evaluation of the Angiogenic Effects of TIPS 

Polymer Films  

A DuoSet Human FGF basic (bFGF) enzyme-linked immunosorbent assay 

(ELISA) (DY233B, R&D Systems, UK) was used to determine the amount of 

angiogenic growth factor bFGF that was released into the supernatants from 

ADMSCs seeded onto TIPS and control polymer films (n=5). The capture 

antibody was reconstituted to 120 g/mL in 1X PBS (P5493-1L, Sigma, UK) 

and diluted to the working concentration of 1.0 g/mL in 1X PBS. 100 L was 

added to each well of a Nunc-Immuno MicroWell 96 well plate (M9410, Sigma, 

UK). Plates were sealed (DY992, R&D, UK) and incubated overnight at room 

temperature. Wash buffer was prepared as 0.05% Tween-20 (P1379, Sigma, 

UK) in 1X PBS (P5493-1L, Sigma, UK). Each well was washed with wash 

buffer three times and blotted to remove excess liquid. Reagent diluent was 

prepared as 1% bovine serum albumin (05482, Sigma, UK) in 1X PBS (P5493-

1L, Sigma, UK) and 0.2 m filtered. Plates were blocked with 300 L of reagent 

diluent for 2 hours at room temperature then washed. The bFGF standard was 

reconstituted to 100 ng/mL in reagent diluent and diluted to a working 

concentration of 2000 pg/mL in reagent diluent and serial dilutions were 

prepared up to 7.81 pg/mL. Samples were centrifuged and 100 L were added 

to each well in triplicate, along with the bFGF standards and incubated at room 

temperature for 2 hours and washed. The detection antibody was 

reconstituted to 6.0 g/mL in reagent diluent and diluted to the working 

concentration to 100 ng/mL. 100 L of detection antibody was added to each 

well, incubated at room temperature for 2 hours and washed. The Streptavin-

HRP was diluted at a ratio of 1:200 in reagent diluent and 100 L was added 

to each well. The plate was sealed, protected from light, incubated for 20 

minutes at room temperature and washed. The substrate solution was 

prepared by adding equal volumes of colour reagent A (H2O2) and colour 

reagent B (Tetramethylbenzidine) (DY994, R&D, UK) immediately before 

addition. 100 L of the substrate solution was added to each well. The plate 

was sealed, protected from light, incubated for 20 minutes at room 

temperature and 50 L of 2 N H2SO4 was added to each well to stop the 

reaction and further colour development. The plate was then immediately read 
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using a microplate reader (Fisher Scientific, UK) at wavelength 450 nm with 

correction set to 540 nm.  

 

2.2.11 Statistical Analysis 

The data was imputed into GraphPad Prism 8 software (GraphPad Software, 

USA) for analysis and presented as mean values with error bars depicting the 

standard deviation. To analyse two or more groups with one variable, ordinary 

one-way ANOVA tests were used. For two or more groups with two or more 

variables a repeated-measured ANOVA was used with Geisser-Greenhouse 

correction applied. For comparison between two groups the data was first 

tested for normality through a Kolmogorov-Smirnov test. If normally 

distributed, a parametric unpaired Welch Student t-test was performed. If not 

normally distributed, a nonparametric Wilcoxon Student t-test was performed. 

P values of <0.05 indicated statistical significance and were shown as *, with 

P<0.01 = **, P<0.001 = *** and P<0.0001 = ****. 
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2.3 Results 

 

2.3.1 Ultrastructural Imaging of Polymer Films Using Scanning 

Electron Microscopy 

 

SEM was used to visualise the topography of the TIPS and control polymer 

films. SEM uses accelerated electron beams that scan samples to create 

images with higher magnification and resolution than conventional optical 

microscopes. The electron beam interacts with the sample to produce 

secondary electrons that are detected, creating detailed images which allow 

for the study of surface topographies. [191] A range of polymers were 

processed using TIPS, including PLGA 5010 at 10 wt% and 5 wt%, PLGA 

7502 at 10 wt%, PLGA 7502-A at 10 wt% and 5 wt%, PLGA 7507 at 10 wt% 

and 5 wt%, PLC 7015 at 10 wt% and 5 wt% and polystyrene at 10 wt% and 5 

wt% that were all imaged under SEM.   

 

Imaging revealed that PLGA polymers that underwent TIPS processing had 

produced highly porous and rough surfaces (Figure 2.1). TIPS processed 

PLGA 5010 had much lower visible porosity and roughness compared with 

TIPS PLGA 7502, TIPS PLGA 7502-A and TIPS PLGA 7507 films. Reducing 

the weight percentage of PLGA 5010 in DMC from 10 wt% to 5 wt% greatly 

increased the porosity and the interconnectivity of pores on the surface of the 

TIPS films. Images in Figure 2.1 of TIPS processed 7502-A showed surfaces 

with high porosity, with pore sizes ranging from nanometre to micron. PLC 

7015 had the highest inherent viscosity (1.5 dl/g) and the largest pores could 

be seen at x3000 magnification.  Images show that polystyrene did not 

produced the distinctive topography that PLGA polymers had formed after 

TIPS processing. PLGA 5010 10 wt%, PLGA 7502 10 wt%, PLGA 7507 10 

wt% and polystyrene 10 wt% control surfaces were produced and imaged 

using the same conditions as the TIPS films. SEM images show that smooth 

surfaces were created with no visible pores seen.  
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Figure 2.1: SEM images of TIPS processed PLGA 7507, PLGA 7502, PLGA 5010, PLGA 

7502-A, PLC 7015 and Polystyrene at 5 wt% and 10 wt%.  

PLGA 7507                  PLGA 7502                  PLC 7015                 PLGA 5010                  

10µm 10µm 10µm 10µm 

Figure 2.2: SEM images of control PLGA 5010, PLGA 7502, PLGA 7507 and PLC 7015 

polymer films.    
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2.3.2 Surface Texture Analysis 

 

2.3.2.1 Surface Roughness Measurements using Atomic Force 

Microscopy 

 

AFM was used to quantify the roughness of the polymer films. AFM scans 

samples by measuring the forces (van der Waals, electrostatic, magnetic and  

capillary forces) between the cantilever tip and the sample, which is 

reconstructed into an image of the surface by plotting these results against the 

position of the tip against the sample. From this the topography of a sample 

can be calculated. [192, 193] With the preliminary screen of TIPS processed  

polymer films, Figure 2.3 revealed that films produced with 5 wt% solutions 

had significantly higher surface roughness compared with between their 10 

wt% counterparts. With the highest roughness values detected from PLGA 

5010 and PLGA 7507 5wt% TIPS films.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Atomic Force Microscopy Average Roughness. Ordinary One-way ANOVA = **** 

(P<0.0001).   

P
L

G
A

 5
0

1
0
 T

IP
S

 5
 w

t%

P
L

G
A

 5
0

1
0

 T
IP

S
 1

0
 w

t%

P
L

G
A

 7
5

0
2
 T

IP
S

 5
 w

t%

P
L

G
A

 7
5

0
2

 T
IP

S
 1

0
 w

t%

P
L

G
A

 7
5

0
7
 T

IP
S

 5
 w

t%

P
L

G
A

 7
5

0
7

 T
IP

S
 1

0
 w

t%

P
L

G
A

 7
5

0
2

 -
A

 T
IP

S
 5

 w
t%

P
L

G
A

 7
5

0
2

-A
 T

IP
S

 1
0

 w
t%

P
C

L
 T

IP
S

 5
 w

t%

P
C

L
 T

IP
S

 1
0

 w
t%

P
o

ly
s
ty

re
n

e
 T

IP
S

 5
 w

t%

P
o

ly
s
ty

re
n

e
 T

IP
S

 1
0

 w
t%

0

200

400

600

800

A
v
e
ra

g
e
 R

o
u
g
h
n
e
s
s
 (

n
m

)



 74 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.3 Dektak Surface Profilometry Roughness Measurements 

 

Dektak surface profilometry was used to measure surface roughness of 

polymer films. Figure 2.5 shows that polymer controls also had higher 

roughness values to polystyrene surfaces. 7502 TIPS polymers had higher 

average roughness values compared to 7507 TIPS polymer films (6270 nm 

±764.48, 1870 nm ±71.1 respectively). 

 

 

2.3.3 Assessing Cell Viability 

 

A LIVE/DEAD assay was used to investigate any toxic effect of the biomaterial 

polymer films on ADMSCs. Imaging revealed the highest proportion of live 

cells on PLGA 7502 10 wt%, PLGA 7507 10 wt% and PLGA 5010 10 wt%. 

The fewest live cells and the majority of dead cells were seen on PLGA 5010 

5 wt%, PCL 5 wt% and PLGA 7502-A 5 wt% (representative images shown in 

Figure 2.6). 

Polystyrene 10 wt %           PLGA 7502 10 wt%            PLGA 5010 10 wt% 
 
 
 
 
 
 
 

 
 
 
 

 

  PLGA 7507 10 wt%                  PLC 10wt%                  PLGA 7502A 10 wt%   

Figure 2.4: AFM images of TIPS processed polymer films at 10 wt%. a) Polystyrene 

b) PLGA 7502 c) PLGA 5010 d) PLGA 7507 e) PLC f) PLGA 7502A. 
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2.3.4 Preliminarily Evaluation of the Angiogenic Effects of TIPS 

Polymer Films  

 

The secretomes from ADMSCs seeded onto PLGA 5010, 7502, 7502-A and 

7507 and PLC (5wt % and 10 wt%) TIPS processed films were measured for 

the angiogenic growth factor bFGF at days 1 and 5. Results show that the 10 

wt% formulations of TIPS-processed PLGA 7507, PLGA 5010, PLGA 7502 

and PLGA 7502-A polymer films led to increased amounts of bFGF in the 

supernatant compared with the 5 wt% formulations (Figure 2.7). PLGA 7507 

10 wt%, PLGA 5010 10 wt%, PLGA 7502 10 wt% had the highest bFGF levels 

after 5 days. Some of the TIPS film samples, such as PLC 5wt%, PLGA 7502A  

5wt% and PLGA 5010 5wt% had reduced amounts of bFGF in the supernatant 

after 5 days compared with bFGF levels at day 1. 

 

 

Figure 2.5: Dektak Surface Profilometry Average Roughness Results. (n=3) Ordinary one-

way ANOVA = **** (P<0.0001)      
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Figure 2.6: LIVE/DEAD representative fluorescent images of TIPS processed polymer films.       
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2.4 Discussion 

 

To determine the optimal biomaterial for use as an angiogenic therapy, a range 

of polymer films were manufactured using the TIPS process at 5 wt% and 10 

wt%. Four different formulations of PLGA with varying lactic acid contents and 

inherent viscosities (summarised in Table 2.1) were investigated as well as 

PLC that was chosen as an alternative degradable polymer to PLGA, and 

polystyrene was investigated as a non-degradable polymer. Physical 

parameters including roughness and porosity were characterised.  Polymer 

films were first imaged using SEM to evaluate the surface topography and 

revealed distinct differences between different compilations of PLGA TIPS 

processed polymers, with PLGA formulations forming more porous surfaces 

compared to PLC and polystyrene TIPS processed films. As SEM is mainly a 

qualitative tool, AFM and Dektak profilometry were employed to quantify 

surface roughness of the polymer surfaces.  

 

TIPS polymer coatings produced from 5 wt% solutions produced polymer films 

with higher porosity compared with 10 wt% solutions due to the increase in 

solvent in the 5 wt% solution. During the TIPS process, the solvent was frozen 

and removed by sublimation during lyophilisation. This removal of the solvent 

resulted in the unique hierarchical and porous structure of the TIPS materials. 

Figure 2.1 shows TIPS processed polystyrene did not produce TIPS surfaces 

or high porosity, and unlike any of the other samples, small microparticles were 

seen in the images. This could be a reaction of the different solvent (MEK) with 

the polymer to the liquid nitrogen. Roughness measurements reveal that the 

5 wt% polystyrene films had similar average roughness to PLGA and PLC 

TIPS polymer films, but the 10 wt% TIPS processed polystyrene films had very 

low roughness levels. Figures 2.1 and 2.4 show TIPS surfaces formed from 

different compositions of PLGA were rougher and more porous compared with 

PLC. PLC is a copolymer of lactic acid and -caprolactone and is a 

biodegradable polymer with a much slower degradation rate in compared with 

PLGA (2-4 years), due to the more complex chemical structure taking longer 

to break down (Figure 2.8). In addition, PLC has been shown to have 
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increased flexibility and has been shown to have poor cell adhesion due to 

poor hydrophilicity in comparison to PLGA. [194, 195] Quantification of surface 

roughness using AFM (Figure 2.3) exhibited that PLC 5 wt% had the lowest 

average roughness compared to PLGA 5 wt% compositions, and the same 

trend was seen with the 10 wt% PLC group. The reduced surface roughness 

observed is associated with the low porosity of PLC, highlighted in SEM 

images (Figure 2.1). 

 

The difference in roughness between PLC and PLGA can also be attributed to 

the higher solubility of PLGA in DMC. During TIPS processing two distinct 

phases were formed: a polymer rich and a solvent rich phase. Subsequent 

lyophilisation resulted in the sublimation of the solvent resulting in the 

formation of a porous and rough structure. Polymers with higher solubility 

disperse more evenly within the polymer solution and phase separation takes 

longer than with polymers with lower solubility, resulting in a more dense 

structure and rougher surface topographies. [196, 197] PLC had a high 

inherent viscosity (1.5 dl/g) and 70% lactic acid content and therefore had a 

very slow degradation rate. This characteristic was deemed not suitable for 

this proposed application as ideally in vivo a material would degrade as new 

tissues form. In addition, the continued presence of a material in vivo could 

result in a prolonged immune response and adverse side effects such as 

failure of the implant. Therefore, from this, coupled with the low surface 

roughness and porosity, PLC was not brought forward into further studies.  

7502-A is a copolymer comprising of 75% lactic acid and 25% glycolic acid 

with an additional acid terminated side group (COOH).  The addition of COOH 

caused the polymer to become more hydrophilic and degrade faster in the 

presence of water, which was further increased by a low inherent viscosity of 

0.2 dl/g. SEM images in Figure 2.1 of TIPS processed 7502-A and roughness 

measurements (Figure 2.3) revealed that average roughness was similar to 

TIPS 7502 films, suggesting that the addition of the acid terminated side group 

did not affect the roughness of the material produced using the TIPS process. 

However, due to the fast degradation rate, this material was very difficult to 

handle as it would disintegrate and showed low mechanical integrity. This 

suggested that it would not be suitable for the proposed application, as the 
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device would need to be able to withstand delivery and implantation into a load 

bearing limb. [198] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dektak surface profilometry was used to quantify surface roughness of PLGA 

7507 TIPS films, PLGA 7507 control films, PLGA 7502 TIPS films, PLGA 7502 

control films, PLGA 5010 TIPS films, PLGA 5010 control films and polystyrene 

control films. Results displayed in Figure 2.5 reveal that TIPS processed 

polymers had significantly higher roughness than controls, with PLGA 7502 

TIPS having higher average roughness compared with PLGA 7507 TIPS, 

which were also reflected in AFM measurements (Figure 2.3). The 

divergences between the measurements obtained from AFM and Dektak 

surface profilometry instruments can be seen as much higher values obtained 

from the Dektak profiler. This is due to the conditions in which measurements 

Figure 2.8: Molecular structure of a) lactic acid, b) glycolic acid, c) (-caprolactone, d) Poly 

(lactic-co-glycolic acid) and e) styrene. 
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were taken. Dektak profilometry was performed in dry conditions, whereas 

AFM was conducted in liquid that produced conditions more representative of 

intended biological use. This exposure to liquid would have initiated 

degradation, resulting in lower roughness measurements. Therefore, it can be 

proffered that measurements taken with AFM are more representative, 

however what these two different techniques have highlighted is how quickly 

the roughness of these polymers can change.  This is an important 

consideration when selecting which polymer composition to use as one of the 

aims of this study was to assess how cells respond to TIPS processed 

surfaces, where materials may appear rough in initial measurements (and 

images) but may not maintain their topography once exposed to aqueous 

conditions. 

 

The difference in behaviour of the various PLGA compilations can be largely 

attributed to the inherent viscosity and lactic acid content. Inherent viscosity 

affects the degradation of the polymer as it is dependent on molecular weight, 

and the lower the inherent viscosity, the faster the degradation resulting in a 

less rough surface. For example, PLGA 7507 and PLGA 7502 have a lactic 

acid content of 75%, but inherent viscosities if 0.7 dl/g and 0.22 dl/g 

respectively. This caused significant differences in the roughness (Figures 2.4 

and 2.5), porosity (Figure 2.1) and thus degradation rate of the polymer films. 

Whereas co-polymers with a lower lactic acid content such as PLGA 5010 

(50%) degraded quicker than PLGA 7507 (composed of 75% lactic acid) as 

increased lactic acid content results in a less hydrophilic polymer that cannot 

absorb as much water. Water drives the hydrolysis of ester bonds that break 

the polymer chain resulting in degradation. [105] Despite having high average 

roughness values (Figures 2.4 and 2.5) the fast degradation rate of PLGA 

5010 made the handling very difficult due to the fragility of the polymer, and 

long-term cellular studies unfeasible. 

 

To facilitate cell attachment to the films the polymers had to be hydrophilised, 

as PLGA is highly hydrophobic and a hydrophilic surface is necessary to 

facilitate cell attachment. By hydrophilising the surfaces, the proteins found in 

cell culture medium (e.g. fibronectin and vitronectin) that are hydrophobic can 
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attach to the material and thus cells can successfully attach and survive. [199, 

200] Hydrophobicity, along with surface topography and chemistry can 

strongly influence biocompatibility of the material. Lee et al., 1998, showed 

that creating materials with moderate hydrophilicity achieved superior serum 

adsorption and fibroblast, endothelial and ovary cell attachment. [201] 

Hydrophilisation was achieved by exposing the materials to absolute ethanol 

as it has been previously shown that ethanol can successfully hydrophilise 

TIPS microparticles, [202] as well as larger PLGA scaffolds. [203] 

Furthermore, it is hypothesised that the addition of ethanol can contribute to 

the sterilisation of the materials, which is vital to avoid contamination and 

infection in downstream studies.  

 

Preliminary biological characterisation of cellularised polymer films involved 

evaluating biocompatibility of the materials through a LIVE/DEAD assay and 

measuring the expression of the angiogenic growth factor bFGF from the cells. 

Representative images in Figure 2.6 demonstrate that there were considerably 

more cells on PLGA 7507 10 wt% and PLGA 7502 10 wt% polymer films, 

suggesting that these formulations of PLGA allowed for superior cell 

attachment and survival after 24 hours. This is due to the higher surface 

roughness and porosity of the PLGA polymer films compared to PLC, that 

facilitated cell attachment. Despite the high surface roughness and porosity of 

PLGA 7507-A, this polymer film did not support cell attachment, most likely 

due the fast degradation rate of the material upon exposure to liquid and poor 

mechanical integrity, making PLGA 7507-A less suitable for the proposed 

application.   

 

To further assess the activity of the cells attached to polymer films, bFGF 

secretion into supernatants was measured. bFGF is a potent growth factor that 

is involved in angiogenesis. Specifically, bFGF stimulates endothelial cells to 

secrete matrix metalloproteinases and additional enzymes that degrade the 

basement membrane, that allows for the migration of endothelial cells and thus 

blood vessel formation. [32] bFGF ELISA results (Figure 2.7) show that the 

highest secretion of bFGF were from ADMSCs seeded onto PLGA 7507 10 

wt%, PLGA 7502 10 wt% and PLGA 5010 10 wt%, suggesting that these 
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formulations of PLGA not only support cell attachment, but the cellular 

secretion of bFGF. In comparison, ADMSCs seeded onto PLC and PLGA 

7502-A formulations had lower levels of bFGF detected, most likely due to the 

fewer cells that had attached to the surfaces, therefore they were not brought 

forward into further studies.  

 

From the physical and biological characterisation results it was decided to take 

PLGA 7507 10 wt% and PLGA 7502 10 wt% polymer films into further studies 

due to their superior pro-angiogenic behaviour and unique surface 

topographies.  
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2.5 Summary 

 

From preliminary studies evaluating different TIPS-processed polymers 

through physical and biological characterisation it was determined that PLGA 

7507 and PLGA 7502 would be studied further in comparison to smooth PLGA 

controls to evaluate how surface topography effects cellular behaviour. In 

addition, smooth polystyrene controls were included to evaluate the effect of 

PLGA and its degradation on cellular behaviour. Physical characterisation of 

2D polymer films with SEM, AFM and Dektak profilometry revealed that the 

TIPS process had produced highly porous and rough surfaces. AFM analysis 

highlighted differences between different formulations of PLGA, with TIPS 

processed PLGA 7507 polymer films being rougher and stiffer than PLGA 

7502 TIPS polymer films. LIVE/DEAD imaging illustrated superior cell 

attachment and survival on PLGA 7507 TIPS and PLGA 7502 TIPS polymer 

films, which in turn resulted in an increase in bFGF secretion. PLGA 7507 

TIPS and 7502 TIPS polymer films were investigated further in subsequent 

chapters.  
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Part I. 

Chapter 3: Preparation of TIPS Processed 

Substrates 

 

 

3.1 Introduction 

 

This chapter is focused on the fabrication of TIPS polymer films from two 

formulations of PLGA; 7507 and 7502, selected from the findings outlined in 

section Part I. Chapter 2. The polymer films were characterised using various 

microscopy techniques where roughness and stiffness measurements were 

reported, with a view to determine parameters of the TIPS processed materials 

that may influence them in the application as a scaffold for therapeutic 

angiogenesis. 
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3.2 Methods  

 

3.2.1 Polymer Solution Preparation 

Solutions of PLGA 7502 and PLGA 7507 were prepared as described in 

Chapter 2 Section 2.2.1. 

 

3.2.2 TIPS Film Material Preparation 

The preparation of TIPS films was described in Chapter 2 Section 2.2.2. 

 

3.2.3 Control Film Material Preparation 

The preparation of control films was described in Chapter 2 Section 2.2.3. 

 

3.2.4 High-Resolution Imaging Using Scanning Electron Microscopy 

SEM was described in Chapter 2 Section 2.2.4. 

 

3.2.5 Surface Texture Analysis Using Atomic Force Microscopy 

AFM was described in Chapter 2 Section 2.2.5. 

 

3.2.6 Internal Structure Analysis using X-ray Nano Computed 

Tomography 

NanoCT was used to analyse the internal structure of TIPS processed 

materials. The Xradia Versa XRM-520 nanoCT system was used to visualise 

the internal structure of 7507 TIPS polymer films. A 5 mm circular segment 

from the 13 mm 7507 TIPS polymer films was taken using a biopsy punch 

(A615110, Agar Scientific, UK). An area of 510 m x 510 m from the polymer 

film was taken with 1401 projections and 57 seconds exposure time with bin 

set at 1. A reference image was taken and used to normalise the final scan. 

 

3.2.7 Statistical Analysis 

Statistical Analysis methodology was described in Chapter 2 Section 2.2.11.  

 



 86 

3.3 Results 

 

3.3.1 Ultrastructural Imaging of Polymer Films Using Scanning 

Electron Microscopy 

 

The 10 wt% PLGA 7507 TIPS, PLGA 7502 TIPS, PLGA 7507 control, PLGA 

7502 control and polystyrene polymer films underwent a degradation study 

and were imaged under SEM. Polymer films were imaged at day 1, 4, 7, 10 

and 21. Figure 3.1 displays evidence that the TIPS treated polymers degraded 

over time, with a loss in porosity and roughness. The control PLGA films had 

few physical differences from day 0 to 21, indicating that any biological effects 

seen from cells attached to the control surfaces over time would not be from 

changes in surface topography. PLGA 7502 TIPS film visibly lost physical 

features such as roughness and porosity after 1 day, which was quicker in 

comparison to with to 7507 TIPS films, which still had visible pores at day 10. 

The TIPS processed films had topographies similar to control films after 21 

days. As polystyrene is a non-degradable material, there were no visible signs 

of degradation at any of the tested time-points. 

 

3.3.2 Surface Texture Analysis 

3.3.2.1 Atomic Force Microscopy Roughness Measurements 

 

The 10 wt% PLGA 7507 TIPS, PLGA 7502 TIPS, PLGA 7507 control, PLGA 

7502 control and polystyrene polymer films underwent a degradation study 

and were examined under AFM for roughness and stiffness. The results show 

that the TIPS polymer films were significantly rougher than the smooth 

controls, in particular polystyrene which had overall the lowest roughness  

measurements. PLGA 7502 TIPS films had the highest roughness at day 0 

(440 ±277 nm), however due to its fast degradation rate this decreased 

significantly over time (at day 10 55 ±28 nm). PLGA 7507 TIPS also had a 

high roughness at day 0  (225 ±74 nm) with a much slower degradation rate 
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over time (at day 10 140 ±10 nm). This quantification of roughness 

corresponds to the images in Figure 3.1. 
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Table 3.1: AFM Average roughness measurements of polymer films in nm. (n=5)  

Figure 3.2: AFM images of 7507 TIPS polymer films, 7507 control films, 7502 TIPS 

polymer  films, 7502 control films and polystyrene films at days 0, 1, 4, 7 and 10. Scale: 

50 µm x 50 µm.   
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3.3.2.2 Determining Polymer Film Substrate Stiffness 

 

AFM was used to measure the stiffness of PLGA 7507 TIPS, PLGA 7502 

TIPS, PLGA 7507 control, PLGA 7502 control and polystyrene polymer films. 

Polystyrene had significantly higher stiffness measurements (Table 3.2). The 

stiffness of polystyrene films did not considerably change over time as it is a 

non- degradable material, and stiffness can be affected by degradation. PLGA 

structures fabricated using the TIPS process had higher stiffness 

measurements compared to control polymers, with 7507 TIPS films having the 

highest stiffness measurements of the PLGA samples tested (4575 ±1344.5 

MPa at day 0). All PLGA samples stiffness values decreased as the material 

degraded. 

 

 

 

3.3.3 Investigating the Internal Structure of TIPS Films 

 

The internal structure of PLGA 7507 TIPS polymer films were studied using X-

ray NanoCT techniques. Reconstructed images (Figure 3.3) reveal that for 

 

 

 

Day 0  

 

Day 1 

 

Day 4 

 

Day 7 

 

Day 10 
 

 

PLGA 7507 

TIPS  

 

4.6 GPa 

 

1.7 GPa 

 

0.9 GPa 

 

0.8 GPa 

 

0.2 GPa 

 

PLGA 7507 

Control 

 

0.1 KPa 

 

 

0.1 KPa 

 

 

6.0 Pa 

 

 

0.1 Pa 

 

0.1 Pa 

 

PLGA 7502 

TIPS 

 

1.2 MPa 

 

0.7 MPa 

 

0.6 MPa 

 

0.4 MPa 

 

0.2 MPa 

 

PLGA 7502 

Control 

 

1.2 Pa 

 

0.6 Pa 

 

0.6 Pa 

 

0.6 Pa 

 

0.05 Pa  

 

Polystyrene 

 

 

2.1 GPa 

 

3.7 GPa 

 

3.3 GPa 

 

2.8 GPa 

 

2.9 GPa 

Table 3.2 AFM Average stiffness (MPa) measurements of polymer films. (n=5)   
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TIPS processed polymers had interconnected porous networks beyond the 

surfaces of the samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: NanoCT images a) 3D reconstruction of PLGA 7507 TIPS polymer film side 

view b) 3D reconstruction of PLGA 7507 TIPS polymer film surface view c) 3D 

reconstruction of PLGA 7507 TIPS polymer film.  

a b 

c 
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3.4 Discussion 

 

Exploring 2D polymer film surfaces provided advantages such as 

reproducibility and ease of manufacture. In addition, vital characterisation 

methods such as AFM and Dektak profilometry were only possible on 2D 

surfaces, therefore to investigate TIPS processed PLGA with these 

techniques, 2D films were produced.  

 

As SEM is mainly a qualitative tool, AFM was utilised to quantify surface 

roughness and the stiffness of the polymer surfaces. PLGA 7507 TIPS films, 

PLGA 7507 control films, PLGA 7502 TIPS films, PLGA 7502 control films, 

and polystyrene control films were investigated. SEM images (Figure 3.1) 

revealed that PLGA 7502 TIPS polymer films lost topographical surface 

features over time which were quantified through average roughness 

measurements (Table 3.1). This effect can be attributed to the exposure of 

PLGA 7502 to PBS, which triggered the degradation of the polymer (through 

hydrolysis), driven further by its low inherent viscosity. The high porosity of the 

material also increased degradation rate, as porosity increases surface to 

volume ratios, which in turn drives degradation. [204] TIPS PLGA 7507 

polymer films showed signs of degradation with a loss of surface roughness 

and porosity seen, albeit at later time points due to the slower degradation rate 

of the PLGA 7507 formulation in comparison to PLGA 7502 (Figure 3.1). PLGA 

7502 control, PLGA 7507 control and polystyrene control films had little 

topographical surface features and thus average roughness measurements 

did not significantly change over time. Therefore, cellular behaviour changes 

seen on these surfaces would not be in a response to changes in topography. 

Confirmation of the smooth surfaces of the control films was vital in order to 

accurately compare the response of the cells on the TIPS surfaces to smooth 

surfaces. 

    

In addition to quantifying roughness, AFM also measured the stiffness of the 

polymer films. The stiffness of a material dramatically influences cell behaviour 

in terms of survival, attachment, proliferation, migration and differentiation. It 
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has been shown that cells on stiffer surfaces attach more strongly through 

focal adhesions and differentiate more readily (depending on the cell type). 

[205] Although, a balance has to be achieved, as very stiff surfaces, such as 

tissue culture plates, can result in changes in morphology such as unwanted 

rounding of cells. [178] The observation that TIPS-processed materials had a 

higher elastic modulus compared with control materials was also observed by 

Cao et al., 2006,  where highly porous networks were shown to have increased 

elastic moduli. [206, 207] Even as the 7507 and 7502 TIPS processed polymer 

films began to degrade, the stiffness was higher than 7507 PLGA and 7502 

PLGA control polymer films, due to the continued presence of porosity, 

highlighted in stiffness results (Table 3.2). All the samples stiffness values 

decreased from day 0 to 1, where in this time the materials had been 

hydrophilised as they would be to facilitate cell attachment before in vitro cell 

culture experiments. This effect was also seen in experiments by Wu et al., 

2004, where it was shown that hydrophilising polymer scaffolds resulted in a 

decrease in Young’s modulus. [208] In addition, the decrease in Young’s 

modulus can be attributed to the initiation of degradation.  It has been shown 

that different formulations (7507 and 7502) of smooth PLGA did not affect the 

stiffness, [209] as seen in the stiffness measurements of the control polymer 

films. This suggests that the TIPS structure effected the stiffness of the 

materials, with the increase in stiffness seen promoting cell attachment and 

proliferation. [178] 

 

Furthermore, it has also been widely acknowledged that surfaces that have 

stiffnesses comparable with the ECM result in improved cell responses. [178, 

205, 210, 211] The stiffness of ECM in vivo varies greatly, with muscle tissue 

stiffness between 0.8-0.4 MPa and bone approximately 100 GPa. [212, 213] 

Cells respond to the stiffness of a material, for example stiffer surfaces have 

been shown to promote osteogenic differentiation of stem cells, as bone 

inherently has high stiffness. [214-216] Consequently, it is vital to tune material 

properties for the desired outcome. Therefore, the lower stiffness of PLGA 

could prove to be more advantageous for ADMSC survival and pro-angiogenic 

behaviour over stiffer polymers such as polystyrene.  
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NanoCT imaging (Figure 3.3) displayed that TIPS polymer films had an 

interconnected porous structure beyond the surface, suggesting that porosity 

would remain even as the material began to degrade. A scaffold with a highly 

porous interconnected structure, such as polymers processed with TIPS, is 

advantageous for tissue engineering applications as it allows for cell and 

tissue infiltration, cell proliferation and nutrient diffusion. [217, 218]   
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3.5 Summary 

 

Two distinct PLGA based polymer films were produced through TIPS 

processing. Physical characterisation revealed that 7507 TIPS polymer films 

were rougher, stiffer and degraded more slowly than PLGA 7502 TIPS 

polymer films. NanoCT imaging revealed that TIPS processed polymer films 

had an interconnected porous structures beyond the surface, indicating the 

potential for prolonged porosity, mechanical integrity and enhanced cellular 

infiltration in vivo. From these findings the TIPS processed polymer films were 

investigated further for their effect on ADMSC attachment, proliferation and 

angiogenic behaviour.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 95 

 

Part I. 

Chapter 4: In Vitro Biological Characterisation of 

TIPS-Processed  Films 

 

 

 

4.1 Introduction 

 

It has been established that delivering cells in suspension for cell therapy 

applications results in poor retention at the implant site. [5, 77, 92-94] Because 

of this, implanted cells are not able to elicit their full therapeutic effect, and any 

therapeutic potential seen in vitro are rendered redundant. Therefore, it is vital 

to explore delivery techniques that allow for improved cell retention. The 

proposed method is to utilise biomaterials. Biomaterials can support cell 

attachment, proliferation and anchor the cells at the implant site. [86] However, 

before this stage, it must be established that cellularising TIPS-processed 

polymers is possible and how the cells respond to the biomaterial. TIPS-

processed polymers could offer superior cell attachment and proliferation in 

comparison to traditional 2D tissue culture surfaces due to the rough 

topography achieved during processing more accurately representing the 

ECM, where the ECM is vital for cellular attachment, alignment, proliferation 

and survival. [135] It has been shown that the addition of micro-topographical 

features (that mimic the ECM) onto 2D polymer surfaces can facilitate cell 

attachment and regulate cell shape. [219, 220] Therefore, this chapter 

explored the cellularisation of TIPS PLGA polymer films that have been shown 

to have unique rough topographies, and the optimisation of assessing cell 

viability and proliferation with a view to investigate how the cells respond to 

the TIPS polymer films in subsequent chapters.  
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4.2 Methods 

 

4.2.1 Adipose-Derived Mesenchymal Stem Cell Culture  

ADMSC cell culture was described in Chapter 2 Section 2.2.7. 

 

4.2.1.1 Adipose-Derived Mesenchymal Stem Cell Growth 

Cell growth time and log phase was determined for ADMSCs at passage 2 by 

seeding 2 x105 cells/cm2 in a T75 cell culture flask. Each flask was trypsinised 

and cell numbers calculated (as described in Chapter 2 Section 2.2.7)  every 

24 hours. Results were plotted on a log-linear scale.  

 

4.2.2 Cellularising TIPS Polymer Films 

Polymer films were cellularised with ADMCSs as described in Chapter 2 

Section 2.2.8. 

 

4.2.3 Assessing Cell Viability Using LIVE/DEAD Staining 

The LIVE/DEAD staining protocol was described in Chapter 2 Section 2.2.9. 

 

4.2.4 Quantifying Cells Attached to Polymer Films 

4.2.4.1 Quantifying Cell Numbers with CyQUANT NF Cell Proliferation 

Assay 

CyQUANT NF assay (C35006, Molecular Probes, UK) procedure for adherent 

cells was followed. The dye was prepared by first diluting the provided x5 

HBSS stock buffer to x1 HBSS buffer with deionised water. 22 μL of CyQUANT 

NF dye reagent (protected from light) was added to 10 mL x1 HBSS buffer to 

make the dye solution. First, a standard curve for cells attached to polymer 

films was produced. In a sterile 24 well plate serial dilutions of ADMSCs from 

200,000 cells/well in 0.5 mL of complete MesenPro RSTM medium was added 

to each well to 195 cells, in triplicate including a media only control. The plates 

were incubated at 37oC 5% CO2 for 24 hours to allow cell attachment to the 

surface. The culture medium was removed, and the samples were gently 

washed twice with 500 μL of 1X PBS (P5493-1L, Sigma, UK). 500 μL of the 



 97 

prepared CyQUANT NF dye solution was added to each well and the plate 

was incubated for 1 hour. 100 μL of each sample was transferred to a black 

wall/clear flat bottom 96 well tissue culture plate (CC691, Appleton Woods, 

UK) in triplicate (n=8). The fluorescence intensity was measured using a 

fluorescence microplate reader (TECAN SPECTRAFLUOR Fluorescence and 

Absorbance microplate reader, BETAFTC program, Tecan, Switzerland) at 

485 nm excitation and 530 nm emission detection and a standard curve 

produced. From the standard curve, cell numbers attached to polymer films 

were interpolated using linear regression analysis. Once the polymer films 

were cellularised, 0.5 mL of the supernatants were removed and CyQUANT 

NF used to quantify cell numbers.  

 

4.2.4.2 Quantifying Cell Numbers with PrestoBlue Cell Viability              

Reagent 

PrestoBlue cell viability reagent (A13261, Molecular Probes, UK) was 

used to calculate cell number of ADMSCs seeded onto polymer films (n=8). 

Polymer films were seeded with 1 x 105 ADMSCs and PrestoBlue Cell 

viability reagent was added to the samples of interest at a ratio of 1:10 to 

culture media. Plates were incubated for 4 hours at 37oC 5% CO2 avoiding 

exposure to direct light. 100 L supernatants were transferred into a black 

wall/clear flat bottom 96 well tissue culture plate in triplicate. The plate was 

then read using fluorescence plate reader at 560/612nm. 

 

4.2.5 Statistical Analysis 

Statistical Analysis methodology was described in Chapter 2 Section 2.2.11. 
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4.3 Results 

 

4.3.1 Adipose-Derived Mesenchymal Stem Cell Culture  

 

To determine the cell doubling time and log time of ADMSCs a growth curve 

was created. It was it was vital to not over-passage ADMSCs, as this can lead 

to unwanted differentiation. Figure 4.1 revealed that low passage (P2) 

ADMSCs came quickly (approximately 60 hours) out of the lag growth phase 

and into the log growth phase, where a steady rate of cell proliferation 

continued for 64-526 hours. From these findings ADMSCs were cultured for at 

least 64 hours before use in experiments and were not used after 21 days of 

culture. This is in accordance with the supplier’s instructions. [221]  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Graphical representation of ADMSC growth rate. (n=1)  
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4.3.2 Assessing Cell Viability with LIVE/DEAD Staining    

 

A LIVE/DEAD assay was used to investigate any toxic effect the biomaterial 

surfaces on ADMSCs and if there was a change in cellular viability over time. 

LIVE/DEAD images in Figure 4.2 suggest that after 7 days there was a 

decrease in cell numbers, with fewer cells adhered to 7507 TIPS films, 7507 

control films, 7502 TIPS films and 7502 polymer films, with 7507 control and 

7502 control films having the highest loss of cells. Images show that cells 

successfully survived on polystyrene smooth films. Only a few dead cells could 

be seen on any of the surfaces, suggesting that the polymer films and their 

degradation products did not promote cell death. 

 

4.3.3 Determining Cell Number and Measuring Cellular Proliferation 

 

Several different cell proliferation assays were investigated for their ability to 

accurately determine the number of cells attached onto polymer films. 

 

CyQUANT NF dye binds to cellular nucleic acids and measures DNA content 

via fluorescence, which is directly proportional to cell number. 1x105 cells were 

seeded onto each polymer film and 24 hours after seeding CyQUANT NF dye 

was used to measure cell numbers. Figure 4.3 shows that 7507 TIPS films 

had significantly higher cell attachment over 7507 polymer control and 

polystyrene films (5.6 x 105 cells/well, 1.3 x 105 cells/well, 3.1 x 105 cells/well 

respectively). ADMSCs seeded onto 7507 TIPS polymer films had significantly 

higher cell numbers compared with 7507 control films up to day 7, including 

significantly higher cell numbers compared to 7502 TIPS and polystyrene  

polymer films at day 4 (5.5 x 105 cells/well and 3.6 x 105 cells/well 

respectively). 

 

PrestoBlue cell viability reagent was also used to determine the ADMSC cell 

numbers on 7507 TIPS polymer films, 7507 control polymer films, 7502 TIPS 

polymer films, 7502 control polymer films and polystyrene control films over 

10 days. 7507 TIPS polymer films had increased cell attachment 24 hours 
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after seeding (1 x 105 cells/well). After 7 days 7507 TIPS polymer films had 

higher cell numbers than controls and 7502 TIPS films. This trend continued 

up to day 10. The cell numbers did not significantly increase from day 1 to 10, 

suggesting that the films may have been saturated at day 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: ADMSC cell numbers on polymer films at days 1, 4, 7 and 10 quantified with 

CyQUANT NF cell proliferation assay. (n=8) Two-way ANOVA with Geisser-Greehouse 

correction = *** (P=0.001)     
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Figure 4.4: ADMSC cell numbers on polymer films at days 1, 4, 7 and 10 quantified with 

PrestoBlue cell viability assay. (n=8) Two-way ANOVA with Geisser-Greehouse correction 

= *** (P=0.001)     
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4.4 Discussion 

 

Studies first focused on the doubling time of ADMSCs as it has been shown 

that doubling time and prolonged cell culture correlates with decreased self-

renewal, differentiation ability of stem cells as well as the decreased 

expression of stem cell markers such as Sox2 and Oct4. [222, 223] The 

doubling time of ADMSCs was also determined to ensure the cells used 

throughout the project remained plastic and had not reached senescence and 

had full regenerative potential. From Figure 4.1 ADMSCs were cultured for at 

least 64 hours before use in experiments and were not used after 21 days of 

culture.  

To assess the ADMSCs survival beyond 24 hours and the effect of polymer 

films on ADMSCs in culture up to day 7, LIVE/DEAD fluorescent imaging 

(Figure 4.2) was used to image cells attached to PLGA 7507 and 7502 TIPS 

films, as well as smooth 7507 and 7502 control polymer films and polystyrene 

films. Polystyrene was included to act as a non-degradable polymer control, 

as well as to replicate conventional 2D tissue culture conditions. LIVE/DEAD 

imaging revealed that cells successfully attached to both 7507 and 7502 TIPS 

surfaces and higher numbers were visible on the TIPS and polystyrene 

surfaces compared with the smooth control surfaces resulting in more live cell 

(calcein-AM -green) staining visible. Cellularised PLGA 7507 TIPS films had 

fewer numbers of live cells visible at day 7 in comparison to day 1. Both the 

7507 and 7502 control polymer films had fewer live cells visible at day 1, which 

decreased through to day 7. This observation is due to poorer cell attachment 

on the smoother surfaces. Mesenchymal stem cells are an adherent cell type, 

therefore must achieve attachment to survive. [6] Cells attach to surfaces 

through transmembrane cell adhesion proteins called integrins. As well as 

being crucial for cell attachment, shape and survival, integrins can activate 

signalling pathways within cells. In turn, this can be affected by the ECM, 

roughness and stiffness of a material. [224] It has been widely reported that 

cell attachment to surfaces can be dramatically influenced by surface 

properties, with rougher surfaces facilitating adherence. [225-228] It is 

proffered that this is because a rougher surface more closely resembles the 
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architecture of the ECM (where cells would attach in in vivo conditions). [172, 

229, 230] However polystyrene control was shown to have good cell 

attachment and survival through the time points. Previous imaging and 

characterisation had shown polystyrene films to have low surface roughness 

and porosity (Part I. Chapter 3). As with tissue culture surfaces, the 

polystyrene films were modified to allow for superior cell attachment, [231] 

therefore the observed cell attachment and survival seen in Figure 4.2 was 

expected. Polystyrene was included as a non-degradable control and a 

comparison to 2D tissue culture as the proposed therapeutic was intended to 

involve a degradable material. This would negate the need for removal 

surgeries (and the associated complications) and would reduce the risk of a 

prolonged immune response that can negatively impact an implant.  

To quantify the observed cell attachment seen through LIVE/DEAD imaging, 

cell numbers and the proliferation of cells on the polymer films was measured 

through exploring a variety of different assays. CyQUANT NF cell proliferation 

assay was used to assess the number of cells seeded onto polymer films. The 

fluorescent CyQUANT NF dye binds to nucleic acids (A-T) in cellular DNA and 

as such, was used to quantify cell number and proliferation. The assay had 

many advantages, including fast running time (1 hour), no cell lysis required, 

high sensitivity and was compatible with high-throughput screening. However, 

as CyQUANT NF was DNA based assay, the die bound to live and dead cells, 

although this is more of a concern for counting cells in suspension, where the 

dead cells are less easily removed. [232] CyQUANT NF was successfully used 

to detect cell numbers on polymer films, however an alternative assay was 

investigated that only detected live cells. PrestoBlue cell viability assay is a 

resazurin based assay that can be used to determine cell numbers as a 

function of their metabolic activity. Resazurin is reduced to resorufin in 

metabolically active cells, resulting in a colour change that can be measured 

by absorbance or fluorescence. The assay is non-toxic to cells, allowing for 

the tested cells to be used for further experimentation and has been shown to 

have excellent sensitivity. [190, 233] When comparing cell numbers from 

CyQUANT NF and PrestoBlue, there was a large difference in the number 

of cells detected on 7507 TIPS polymer films at day 1, with 8.92 x 104 cells/well 
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detected with PrestoBlue and 5.6 x 104 cells/well with CyQUANT NF. As 

each polymer film was seeded with 1 x 105 cells, these results suggest that 

PrestoBlue more accurately detected cell numbers. PrestoBlue is a very 

sensitive assay, capable of detecting as few as 12 cells/well, [234] whereas 

CyQUANT NF has a detection limit of 100 cells. [235] In addition, the number 

of cells detected on 7507 TIPS polymer films had a large error when read with 

CyQUANT NF at day 10 (3.7 x 104 cells/well) compared with PrestoBlue 

(0.98 x 104 cells/well), further suggesting the inaccuracy of the CyQUANT NF 

assay. There were also large discrepancies between the number of ADMSCs 

detected on control PLGA groups depending on the assay used. At days 7 and 

10, CyQUANT NF detected much higher cell numbers on PLGA 7502 control 

polymer films (10.3 x 104 cells/well and 9.2 x 104 cells/well respectively) in 

comparison to PrestoBlue measurements (5.5 x 104 and 2.5 x 104 cells/well 

respectively). Due to the superior sensitivity and accuracy of PrestoBlue, this 

assay was used to determine cell numbers and proliferation in further 

experiments.  

A limitation of the TIPS polymer films was that when exposed to cell  culture 

conditions (cell culture media, 37oC, 5% CO2), some of the films would lift from 

the glass coverslip, most likely due to the porosity of the PLGA weakening the 

attachment to the glass. This was undesirable as the ADMSCs could have 

been responding to the smooth underside of the TIPS polymer films, therefore 

effecting the observed results. This obstacle was overcome by utilising the 

polystyrene films (Chapter 2 Section 2.2.3, Thermanox plastic coverslips, 

174950, Thermofisher, UK) where the TIPS polymer did not lift off, most likely 

due to the hydrophilic nature of the polystyrene facilitating attachment of the 

PLGA. Therefore, TIPS films in this project were prepared by coating 

polystyrene coverslips. 
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4.5 Summary 

 

This chapter explored the cellularisation of 7507 and 7502 TIPS polymer films. 

Increased numbers of ADMSCs were seen in LIVE/DEAD fluorescent imaging 

of PLGA 7507 TIPS films. Cell numbers were quantified through two different 

assays, where optimisation resulted in PrestoBlue cell viability reagent being 

chosen as the most suitable method for determining cell numbers. The 

superior cell attachment on 7507 TIPS polymer films seen was due to the 

increased roughness and stiffness of PLGA 7507 TIPS materials in 

comparison to PLGA 7502 and smooth PLGA controls determined in Part I. 

Chapter 3. The angiogenic behaviour of ADMSCs attached to PLGA 7507 

TIPS and 7502 TIPS polymer films were studied in subsequent chapters.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 107 

 

Part I. 

Chapter 5: Investigation of the Biological 

Mechanism Responsible for the Observed In 

Vitro Pro-Angiogenic Effect of TIPS Polymer 

Films Adipose-Derived Mesenchymal Stem  

Cell Substrates 

 

 

 

 

5.1 Introduction 

Cell therapy involves the use of cells to facilitate tissue regeneration as a 

curative treatment for many diseases. [236] Using cells in a clinical setting is 

not a new concept. Bone marrow transplants, for instance, have been used as 

a cancer treatment for over 60 years. [237] Nevertheless, cell therapy is a 

developing field with over 200 cell therapy based products currently available 

or undergoing development for regulatory approval, with the use of stem cells 

as a cell therapy in clinical trials increasing from 7% in 2016 to 8% in 2017, 

and recent advances in immunotherapy involving use of a patient’s own cells 

are successfully used to treat certain cancers. [238, 239] The underlying 

mechanisms accountable for tissue regeneration using current cell therapy 

approaches are still being elucidated and there are still many areas of cell 

therapy under investigation.  
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In order to facilitate angiogenesis through cell therapy, ADMSCs were 

selected. It is understood that ADMSCs have inherent pro-angiogenic 

properties, given their ability to secrete pro-angiogenic growth factors in vitro 

and in vivo. These include VEGF, FGF and PDGF. [76-79, 240] Thus, in 

conjunction with the fact they are easily isolated in large quantities through 

enzymatic digestion of lipoaspirates, [241] survive in harsh, hypoxic 

conditions, [242] and demonstrate anti-inflammatory effects, [243] they have 

been chosen to facilitate therapeutic angiogenesis in numerous preclinical 

trials for the treatment of cardiovascular diseases. There have been numerous 

reports showing improved perfusion following ischemic hindlimb injuries, [89, 

90] increased cardiac function [82, 83] and angiogenic growth factor secretion 

[84] after the administration of ADMSCs. ADMSCs have been investigated in 

clinical trials, where the safety of mesenchymal stem cell implantation has 

been shown, [244] with a 5-year follow-up study by Lee et al., 2010, where the 

administration of two doses of 50 million stem cells to 16 patients (who had 

suffered from ischaemic stroke) were shown to have no long-term negative 

side effects associated with stem cell transplant. In addition, the treated 

patients had significant improvements in recovery and clinical outcomes. [245] 

ADMSCs have been investigated specifically for the treatment of critical limb 

ischaemia, a serious consequence of PAD.  Administration of ADMSCs into 

patients have resulted in improvements in claudication, chronic pain and 

wound healing, with formations of collateral blood vessels and networks 

confirmed by angiography after 2-6 months. [242, 246] 

This chapter explored the in vitro pro-angiogenic effect of ADMSCs cultured 

on TIPS processed substrates and the biological mechanism responsible for 

this response. To achieve this, the angiogenic response were studied using in 

vitro angiogenesis assays and angiogenic protein profiling of ADMSCs seeded 

onto TIPS polymer films. 
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5.2 Methods 

 

5.2.1 Quantifying Adipose Derived Mesenchymal Stem Cells Numbers 

Cell numbers were measured using PrestoBlue cell viability reagent as 

described in Chapter 4 Section 4.2.4.2 at days 1, 4, 7 and 10. 

 

5.2.2 Assessing In Vitro Angiogenic Activity of Cellularised TIPS 

Polymer Films 

5.2.2.1 Measuring VEGF165 Secretion Using Enzyme-linked 

Immunosorbent Assay 

A DuoSet Human VEGF165 enzyme-linked immunosorbent assay (ELISA) 

(DY293B, R&D Systems, UK) was used to determine the amount of VEGF165 

released into the supernatants from ADMSCs seeded onto polymer films 

(n=9). The capture antibody was reconstituted to 120 g/mL in 1X PBS, 

(P5493-1L, Sigma, UK) and diluted to the working concentration of 1.0 g/mL 

in 1X PBS. 100 L was added to each well of a Nunc-Immuno MicroWell 96 

well plate (M9410, Sigma, UK). Plates were sealed with adhesive plate sealers 

(DY992, R&D, UK) and incubated overnight at room temperature. Wash buffer 

was prepared as 0.05% Tween-20 (P1379, Sigma, UK) in 1X PBS (P5493-1L, 

Sigma, UK). Each well was washed by aspirating with wash buffer three times 

and blotted to remove excess liquid. Reagent diluent was prepared as 1% 

bovine serum albumin (05482, Sigma, UK) in 1X PBS and 0.2 m filtered. 

Plates were blocked with 300 L of reagent diluent for 2 hours at room 

temperature then washed. VEGF165 standard was reconstituted to 100 ng/mL 

in reagent diluent and diluted to the working concentration of 4000 pg/mL in 

reagent diluent and serial dilutions were made up to 7.81 pg/mL. 100 L of 

standards and samples were added to wells in triplicate, incubated at room 

temperature for 2 hours and washed. The detection antibody was 

reconstituted to 6.0 g/mL in reagent diluent and diluted to the working 

concentration to 100 ng/mL. 100 L of detection antibody was added to each 

well, incubated at room temperature for 2 hours and washed. The Streptavin-

HRP was diluted at a ratio of 1:200 in reagent diluent and 100 L was added 
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to each well. The plate was sealed, protected from light, incubated for 20 

minutes at room temperature and washed. The substrate solution was 

prepared by adding equal volumes of colour reagent A (H2O2) and colour 

reagent B (Tetramethylbenzidine) (DY994, R&D, UK) and 100 L was added 

to each well. The plate was sealed, protected from light, incubated for 20 

minutes at room temperature. 50 L of 2 N H2SO4 was added to each well to 

stop the reaction and further colour development. The plate was then read 

using a microplate reader (Fisher Scientific, UK) at wavelength 450 nm with 

correction set to 540 nm.  

 

5.2.2.2 Screening for Angiogenic Proteins from Adipose-Derived 

Mesenchymal Stem Cells on TIPS Surfaces 

Human proteome profiler angiogenesis array kit (ARY007, R&D Systems, UK) 

was used to profile 55 different angiogenesis related proteins from the 

supernatants of ADMSCs attached on TIPS and control polymer films. The 

membranes were handled with flat tipped tweezers at the edges to avoid 

destruction of the membrane or contamination. To block the membranes array 

buffer 7 was added to each well of a 4-well multi-well dish and incubated for 

one hour at room temperature on a rocking plate shaker. The supernatants 

from ADMSCs seeded onto PLGA 7507 TIPS films, PLGA 7507 control films 

and polystyrene films from each time point were pooled, and a total of 1 mL 

for each sample was transferred to a microfuge tube (T9661, Sigma, UK). 0.5 

mL of array buffer 4 was added to each sample with 15 L reconstituted 

detection antibody cocktail (reconstituted with 100 L dH2O) and incubated at 

room temperature for 1 hour. Each membrane was washed in 20 mL of 1x 

Wash Buffer for 10 minutes on a rocking plate shaker three times. The 

samples were added to individual membranes and incubated overnight at 4oC 

on a plate shaker in constant motion. The membranes were washed three 

times. Streptavin-HRP was diluted in array buffer 5 to the working 

concentration of 1:40, added to the membranes and incubated for 30 minutes 

on a rocking plate shaker. The membranes were washed three times. The first 

membrane was removed from the wash container. Excess wash buffer was 

drained from the membrane by blotting the lower edge onto paper towels. The 
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membrane was placed on the bottom sheet of a plastic sheet protector with 

the identification number facing up. 1 mL of the provided Chemi Reagent Mix 

was pipetted evenly onto the membrane. The top plastic sheet protector was 

placed on top of the membrane. This was incubated for 1 minute at room 

temperature. Excess Chemi Reagent Mix was removed and the membrane 

was wrapped in 1 layer of Suran wrap (FIL1040, LabShop, UK). The 

membrane was placed in an autoradiography film cassette with the 

identification number facing up. This process was repeated with the remaining 

membranes. In a dark room, the membranes were exposed to X-ray film 

(34090, Thermo Scientific, UK) for 1, 5, 10, 30 and 60 minutes for optimal film 

exposure. X-ray films were processed in an X-ray Film Auto Processor (Gmedi 

Co, GAP-201). To analyse the results, the films were scanned in greyscale 

with a calibrated optical density tablet and safe as a TIFF file. In ImageJ, the 

optical density tablet was analysed and calibrated. The optical density values 

that corresponds to each step was inputted. From this, the intensity of each of 

dot on the membranes were calculated using the ‘plot lanes’ function. This was 

repeated for all the exposed dots. Each dot on the membrane corresponded 

to a different angiogenesis related protein. Results were also analysed using 

STRING protein-protein interaction network database. [247]  

 

 

5.2.2.3 In Vitro Evaluation of Angiogenesis  

Vasculogenesis to angiogenesis array (Va2) (ZHA-4000, Cellworks, UK) was 

used to quantify the effects of conditioned media from ADMSCs on TIPS and 

control polymer films on in vitro angiogenesis.  

 

Complete seeding medium was prepared by adding the seeding medium 

supplement to the V2a seeding medium (ZHA-1960, Cellworks, UK). 0.5 mL 

of the complete medium was added to each well of the provided 24 well plate 

and placed in an 37oC/5% CO2 incubator for 30 minutes to pre-equilibrate. A 

co-culture of cryopreserved human umbilical vein endothelial cells 

(500,000/vial, ZHC-2102, Cellworks, UK), human dermal fibroblasts 

(1,000,000/vial, ZHC-5102, Cellworks, UK) and early passage human 
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umbilical endothelial cells from multiple donors (500,000/vial, ZHC-2301, 

Cellworks, UK) was provided. The cells were rapidly thawed in a 37ºC water 

bath and added to 12 mL V2a seeding medium. 0.5 mL of the cell suspension 

was added to each well resulting in a final concentration of 8.3 x 104 cells/mL. 

The plate was incubated at 37oC with 5% CO2 humidified atmosphere for 24 

hours to allow cell attachment. Complete growth medium was prepared by 

adding the growth medium supplement to the V2a growth medium (ZHA-1970, 

Cellworks, UK). For the positive control, VEGF (2 g/mL, ZHA-1300, 

Cellworks, UK), the was thawed and 11µl was added to 10.989ml V2a growth 

medium. For the negative control, 220µl of Suramin (1 mM) was added to 

10.780ml growth medium. A growth medium only control was also included. 

Test compounds were prepared by mixing equal volumes of complete V2a 

growth medium to the conditioned media. The media was aspirated from the 

well and using a serological pipette 0.5 mL of growth medium containing test 

or control materials was gently added down the side of the well. Extra care 

was taken not to disrupt the cell monolayer. Plates were incubated at 37oC 

with 5% CO2 humidified atmosphere. The process of media changes of the 

entire plate was repeated every 2-3 days for 14 days. After 14 days, the cells 

were fixed and stained for the endothelial cell marker CD31.  

 

Each well was washed with a wash buffer prepared by combining 500 mL of 

deionized water, 100 mg potassium chloride (7447-40-7, Sigma, UK), 100 mg 

potassium phosphate monobasic (7778-77-0, Sigma, UK), 4 g sodium chloride 

(7647-14-5, Sigma, UK), 600 mg sodium phosphate dibasic (7558-79-4, 

Sigma, UK). To fix the cells, 0.5 mL ice cold 70% ethanol was gently added to 

each well and incubated at room temperature for 30 minutes. Blocking buffer 

was prepared by dissolving 5 g of bovine serum albumin (>96%, 05482, 

Sigma, UK) in 500 mL of wash buffer. Wells were blocked by with 0.5 mL of 

pre-prepared blocking buffer. 35 µL of mouse anti-human CD31 antibody (ZH-

1225, Cellworks, UK) was diluted in 14 mL blocking buffer and 0.5 mL was 

added to each well. Samples were incubated at 37°C for 60 minutes. The wells 

were washed with blocking buffer. 28µl of the secondary goat anti-mouse IgG 

AP conjugate antibody was added to 14 mL blocking buffer and 0.5 mL was 
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added to each well. Samples were incubated at 37°C for 60 minutes. The wells 

were washed with deionized water. 0.5 mL of the BCOP/NBT substrate was 

added to each well for 10 minutes to allow the colour development of the 

tubules. The wells were washed with deionized water and allowed to air dry 

before imaging. The wells were imaged under a Lecia light microscope. 

AngioSys 2.0 Image Analysis Software (ZHA-5000, Cellworks, UK), was used 

for semi-automated analysis of the images by measuring the number of 

tubules, junctions, the total tubule length, and the mean tubule length. 

 

 

5.2.3 Evaluating the Effect of Polymer Film Degradation Products on the 

Secretion of VEGF from Adipose Derived Mesenchymal Stem Cells 

PLGA 7507 TIPS, PLGA 7502 TIPS, PLGA 7507 control, PLGA 7502 control 

and polystyrene films were placed into a 24 well plate (CLS3473-24EA, 

Corning, UK) with 0.5 mL complete MesenPro RSTM medium. 1.0 µm cell 

inserts (353104, Falcon, UK) were placed into each well. 20,000 ADMSCs in 

0.5 mL media was seeded into each insert. Supernatants were taken from the 

coverslips at days 1, 4, 7 and 10 and replaced with 0.5 mL fresh media. The 

pH of the supernatant was measured using a digital microprocessor pH meter. 

The pH meter was first calibrated using pH 4 (4.01 HI 5004-01, Envo Global, 

NZ) and pH 7 (7.01 HI 5007-12, Envo Global, NZ). VEGF secretion was 

measured using VEGF ELISA (DY293B, R&D, UK) 
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5.3 Results 

 

5.3.1 Evaluating the VEGF Secretion in Relation to Cell Proliferation  

 

The number of ADMSCs on polymer films were investigated Part I. Chapter 4, 

where it was shown that there were increased numbers of ADMSCs on 7507 

TIPS polymer films after 10 days in comparison to 7502 TIPS polymer films 

and control polymer films.   

 

The VEGF secretion from the ADMSCs seeded onto polymer films were 

determined by VEGF165 ELISA. Results show that for ADMSCs attached to 

7507 TIPS films, 7507 control films and polystyrene films, ADMSCs had 

increased levels of VEGF165 released from days 1 to 10. Whereas PLGA 7502 

TIPS and 7502 control films had an increase after 4 days, but VEGF165 release 

from the ADMSCs remained consistent (73,300 ±11,300 pg/mL and 25,000 

±9,000 pg/ml at day 10 respectively). VEGF165 ELISA results were normalised 

to cell number (Figure 5.1) to determine the amount of VEGF165 secreted per 

cell and if VEGF165 concentration was dependent on cell numbers. Results 

show that ADMSCs seeded onto PLGA 7507 control films, 7502 TIPS films 

and 7502 control polymer films remained consistent throughout the timepoints 

had showed no significant differences in secretion. However, cells seeded 

onto 7507 TIPS polymer films showed significantly higher levels of VEGF165  
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per cell compared to 7502 TIPS and polystyrene polymer films, with a large 

increase in VEGF165 secretion after 7 days. (7507 TIPS; 0.1 ±0.02 pg/mL/cell, 

7507 control; 0.05 ±0.02 pg/mL/cell, 7502 TIPS; 0.04 ±0.01 pg/mL/cell, 7502 

control; 0.04±0.01 pg/mL/cell and polystyrene; 0.07 ±0.03 pg/mL/cell). 

 

5.3.2 Screening for Angiogenic Proteins Secretion from Adipose-

Derived Mesenchymal Stem Cells  

 

A human proteome profiler array that detects 55 different angiogenic-related 

proteins was used to screen the supernatants from ADMSCs seeded onto 

7507 TIPS, 7507 control and polystyrene polymer films. Results presented 

show proteins that had a two-fold increase/decrease when compared to 

polystyrene films (Figure 5.2). Interestingly, ADMSCs secreted different levels 

of proteins depending on if they were seeded onto TIPS or smooth 7507 PLGA 

Figure 5.1: a) VEGF165 secretion of ADMSCs on 7507 TIPS films, 7507 PLGA control films, 7502 

TIPS films, 7502 PLGA control films and polystyrene films at days 1, 4, 7 and 10. (n=9) Two-way 

ANOVA with Geisser-Greenhouse correction = **** (P<0.0001) b) Normalised results showing 

the amount of VEGF (pg/mL) secreted per cell. Two-way ANOVA with Geisser-Greenhouse 

correction = * (P=0.0237). 
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films. For example, when seeded onto 7507 TIPS polymer films, ADMSCs 

secreted more of the pro-angiogenic factors; Angiopoeitin-1 and -2, artemin, 

VEGF-C and interleukin (IL)-1b, and less anti-angiogenic thrombospondin 

(TSP)-1/-2, Serpin B5, leucine aminopeptidase (LAP) and tissue inhibitor of 

metalloproteinases (TIMP) -4 than when seeded onto 7507 control films. In 

addition, cells secreted 19 more pro-angiogenic proteins when seeded onto 

PLGA films compared with polystyrene films, and 5 anti-angiogenic proteins 

were down regulated when cells were seeded onto PLGA films compared to 

polystyrene films. The proteins highlighted in the array were further analysed 

using STRING database. [247] From this, pathways involved in biological 

processes such as regulation of angiogenesis (11 genes, false discovery 5.9e-

13), regulation of cell locomotion (17 genes, false discovery 8.5e-16), 

response to stimulus (20 genes, false discovery 8.6e-05) and angiogenesis  

were detected (11 genes, false discovery 3.8e-11). 
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5.3.3 In Vitro Evaluation of Angiogenesis Using a Vasculogenesis to 

Angiogenesis Array 

 

The V2a array (Figure 5.4) were used to assess the effect of the conditioned 

media containing the supernatants of ADMSCs seeded onto 7507 TIPS, 

7507 control, 7502 TIPS, 7502 control and polystyrene films on angiogenesis 

in vitro via the growth of tubules from a co-culture of endothelial cells and 

fibroblasts. After 14 days, samples were stained for PECAM-1, imaged and 
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angiogenic proteins secreted.   
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analysed using Angio.Sys.2.0 software. Results are shown graphically, 

comparing the average length of the tubules, the junctions and branches. A 

positive control of VEGF, negative control of Suramin and a media only control 

were included in the experiment. As expected, the VEGF control had the 

highest number of branches/length/junctions and the Suramin had inhibited 

angiogenesis and blocked the growth of tubules. 7507 TIPS had significantly 
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Figure 5.4: Quantification of the V2a array from the secretomes from ADMSCs seeded 

onto PLGA 7507 TIPS polymer films, PLGA 7507 control polymer films, PLGA 7502 

TIPS polymer films, PLGA 7502 control polymer films and polystyrene films a) tubule 

length b) tubule junctions c) tubule branches. (n=1) Where * = P<0.05, ** = P<0.01, *** = 

P<0.001 and **** = P<0.0001. Ordinary one-way ANOVA = **** (P<0.0001).    
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higher average length of tubules compared to 7507 control polymer films, as 

well as a higher number of junctions and branches to polystyrene films. The 

co-cultures exposed to conditioned media from samples grown on 7502 TIPS 

and 7502 control polymer films showed no significant differences in tubule 

formation. 

 

An experiment to determine how the degradation products of the polymer films 

effect the secretion of angiogenic growth factors from ADMSCs was 

performed. Cell inserts were placed over polymer films and seeded with 

ADMSCs. The leached media on the films were taken and measured for 

VEGF165 concentration using VEGF165 ELISA. Figure 5.5 shows that VEGF165 

secretion increased through the time points with 7507 TIPS polymer films had 

significantly higher VEGF concentrations compared to 7507 control films at 

days 1, 4 and 7, with higher VEGF165 secretion at day 10 than all the samples. 

When comparing these results to polystyrene, a non-degradable  

material (therefore it is assumed there are no degradation products effecting 

the ADMSCs), there is significantly higher VEGF165 release from 7507 TIPS 

polymer films and no significant difference between PLGA control films and 

7502 TIPS polymer films.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5: VEGF165 secretion from ADMSCs seeded into cell inserts exposed to the 

degradation products from PLGA 7507 TIPS polymer films, PLGA 7507 control polymer films, 

PLGA 7502 TIPS polymer films, PLGA 7502 control polymer films and polystyrene films. 

(n=1) Two-way ANOVA with Geisser-Greenhouse correction = ** (P=0.0055).   
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5.4 Discussion 

 

VEGF is arguably the most crucial growth factor in the angiogenic process. 

[248-250] VEGF is produced by tumour cells, macrophages, platelets, [251] 

fibroblasts, bone marrow derived cells, endothelial cells, [252] pericytes, 

smooth muscle cells and mesenchymal stem cells. [253] VEGF and its 

receptors play a critical role in angiogenesis by inducing vascular leakage, 

inducing vasodilation, endothelial cell migration, gene expression and tubule 

formation. When discussing VEGF in angiogenesis, it most often refers to a 

subset of VEGF known as VEGF-A, as there are seven members of the VEGF 

family, with VEGF-A, VEGFR1, VEGFR2 playing prominent roles in 

angiogenesis. Whereas VEGF-C, VEGF-D and VEGFR3 are involved in 

vasculogenesis (the formation of blood vessels in utero). [254] VEGF-A has a 

considerable effect on endothelial cells, as it binds to two binding sites on 

vascular endothelial cells, VEGF receptor 1 (VEGFR1) and VEGF receptor 2 

(VEGFR2). [255, 256] VEGF-A is critical in developmental angiogenesis, as it 

has been shown in VEGF-A +/- and VEGF-A -/- knockout mice do not survive 

beyond day 11 in utero. [257] It has also been demonstrated that VEGFR2 

knock-out mice do not develop organised blood vessels and do not survive 

beyond 9 days in utero. [258] Attachment of VEGF to VEGFR2 prompts 

endothelial cell proliferation by activation of the Raf/Mek/Erk pathway. [256]  

Within VEGF-A, there are additional subdivisions known as isoforms formed 

from alternative splicing of the VEGF-A gene. [259] Each isoform behaves 

differently, for example VEGF165 enhances VEGFR-2 signalling and VEGF189 

is bound to the ECM. VEGF165 is the predominant isoform of VEGF-A and has 

been shown to have the highest pro-angiogenic activity. [256, 260, 261] 

Consequently, VEGF165 concentration was selected to be measured as a 

primary indicator of angiogenic activity and was first measured with ELISA. 

The results of the VEGF165 ELISAs were normalised to cell number from the 

PrestoBlue cell viability results to determine VEGF165 secretion per cell and 

it should also be noted that the MesenPro RS medium utilised for ADMSC cell 

culture contained bFGF, EGF, HGF and PDGF. 
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This was to assess if the increase in VEGF165 secretion throughout the 

timepoints and the higher levels on PLGA 7507 TIPS polymer films was due 

to an increase in cell proliferation, or an increase secretion from the ADMSCs. 

The normalised data (Figure 5.1) showed that PLGA TIPS 7507 polymer films 

had significantly higher VEGF165 levels per cell in comparison to 7507 smooth 

control films at days 4, 7 and 10. As the primary difference between 7507 TIPS 

and control microparticles was the structure, (and subsequent mechanical 

characteristics differences) this property could be key in causing the change 

in VEGF165 secretion from ADMSCs. There was no significant difference 

between VEGF165 secretion from ADMSCs seeded on 7507 control films at 

day 1 and day 10. TIPS 7507 polymer films VEGF165 secretion per cell 

significantly increased up to day 7, where it remained constant up to day 10. 

This difference seen between the 7507 TIPS and control polymer films 

suggest that the TIPS topography and structural characteristics had an effect 

on the secretion and synthesis of VEGF165 from ADMSCs. There was no 

significant difference between days 1 and 10 for PLGA 7502 TIPS and control, 

suggesting that the 7502 compilation of PLGA did not affect the secretion of 

VEGF165 from ADMSCs over time, despite the differences in topography and 

structure between the TIPS and control surfaces. This response could be due 

to the fast degradation rate of PLGA 7502, with the 7502 TIPS surfaces losing 

surface features such as roughness quickly (as seen in the characterisation of 

polymer films using AFM and SEM in Part I. Chapter 2). The VEGF165 

secretion from ADMSCs seeded onto polystyrene films also showed a 

statistically significant increase from day 1 to 10. This is likely as polystyrene 

films are tissue culture treated, therefore facilitate cell adhesion and have been 

shown to improve cell proliferation and function. [262] VEGF synthesis is 

initiated by hypoxia or oxidative stress in ADMSCs, through an increase in the 

activation of the p38 MAPK pathway. Mechanical and chemical stimuli also 

influence VEGF synthesis, where ADMSCs were shown to increase VEGF 

production in response to shear stress by Bassaneze et al., 2010. In addition 

the presence of TNF-a has been shown to increase VEGF production from 

ADMSCs. [263] Therefore, the response of the ADMSCs to the TIPS surfaces 

could have influenced the synthesis of VEGF. As ELISA measures VEGF 

release, the synthesis and/or intercellular storage of VEGF can be measured 
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through measuring mRNA content (western blotting and PCR) and flow 

cytometry. [264, 265] 

 

In order to elicit a pro-angiogenic effect in vivo, studies have shown that 

concentrations of 0.05-0.6 pg/mL of VEGF/cell is sufficient to stimulate 

angiogenesis, [266-268] with ADMSCs naturally secreting approximately 

0.003-0.04 pg/mL of VEGF per cell. [269, 270] Figure 5.1b shows a VEGF165 

detection of 0.04 ±0.03 to 0.1 ±0.02 VEGF pg/mL/cell on 7507 TIPS polymer 

films which therefore would be capable of promoting angiogenesis in vivo as 

well as showing that attachment to TIPS processed 7507 PLGA surfaces 

enhanced the VEGF165 secretion per cell compared with standard tissue 

culture conditions.  

An experiment to assess the effect of the polymer film degradation products 

(lactic acid and glycolic acid) on the secretion of VEGF165 from ADMSCs 

revealed that there was an increase in VEGF165 secretion from ADMSCs 

exposed to 7507 TIPS polymer films, and no difference between PLGA 7502 

TIPS films, PLGA 7502 and 7507 control films and the non-degradable 

polystyrene films. This suggests that the PLGA degradation products do not 

negatively affect the secretion of angiogenic growth factors from ADMSCs and 

that in fact 7507 TIPS polymer films promoted the secretion of angiogenic 

growth factors, advocating their use for therapeutic angiogenesis. This may 

have been a response to a change in pH that would occur from the degradation 

of PLGA, where pH has been shown to influence angiogenesis, with acidic 

conditions influencing cellular VEGF secretion through the ERK1/2/MAPK 

signalling pathway. [271] 

The samples were analysed further using an angiogenic proteome profiler 

array that was able to detect 55 different angiogenic related proteins. The array 

was used to assess if there was an effect of the different materials on the 

secretion of angiogenic growth factors, to highlight any other key proteins 

(other than VEGF) secreted and to aid in highlighting a possible pathway for 

the mechanism of action of growth factor release from ADMCSs on TIPS 

surfaces. Since the majority of proteins were detected in the array, Figure 5.3 
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displayed results with a two-fold increased or decreased expression compared 

with polystyrene films. This allowed for a more manageable assessment of the 

results and to focus on proteins with a significant difference in expression.   

In order to further evaluate the data from the proteome profilers, the identified 

proteins were inputted into the ‘STRING’ database. STRING is part of the 

ELIXIR core data resource and provides information on known and predicted 

protein-protein interactions. The database covers nearly 10 million proteins 

from over 2000 organisms. [247] From this resource it was possible to make 

links between the proteins, specifically how the proteins link to mechanisms of 

action or pathways, with the number of linked genes and false discovery rates 

given. False discovery rate (FR) describes the percentage of a group of 

declared positive results that are negative. It takes into account the number of 

errors among a rejected null hypothesis. It is particularly useful for controlling 

how many false rejections are made when making multiple comparisons, such 

as with genomic data. [272] Figure 5.3 presents the pro-angiogenic and anti-

angiogenic proteins detected from ADMSCs seeded onto 7507 TIPS polymer 

films and 7507 control polymer films. The data shows not only that multiple 

angiogenic proteins were expressed from the samples, but also differences 

between these groups. The proteins were inputted into the string database 

and multiple biological processes were revealed, such as regulation of cell 

migration, vascular development and angiogenesis (see supplementary 

Figures S5.2 - 5.4). From this analysis, there were more proteins linked to 

biological processes from the 7507 TIPS film samples compared with the 7507 

PLGA control films, with lower false positives. For example, there were 10 

genes linked to angiogenesis (with 2.27e-11 false discovery rate) for 7507 

TIPS polymer films compared to 6 genes (with 6.44e-5 false discovery rate) 

for 7507 control polymer films. From this it can be said that there is a stronger 

association with the proteins secreted from the ADMSCs seeded onto the 

TIPS polymer films with angiogenesis compared to the PLGA 7507 smooth 

films, and that utilising TIPS polymer films increases the pro-angiogenic 

behaviour of ADMSCs. Further information into the pro- and anti-angiogenic 

effects of the proteins included in the angiogenic proteome profiler array are 

summarised in Supplementary Table S5.5. 
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An effective way to assess the effect of compounds or potential therapies on 

angiogenesis before in vivo experiments is to utilise in vitro assays. Since the 

1970’s chick embryo chorioallantoic membrane assays (CAM) have been 

used to evaluate angiogenesis in the lab. CAM involves the addition of the 

compound of interest into a chick embryo. The subsequent embryonic blood 

vessel development is monitored and analysed. Drawbacks include the ethics 

involved with the use of an animal embryo and the multiple assays required 

for consistent results, the effect on angiogenesis can only be monitored for a 

few days and the embryo can elicit an inflammatory response that can affect 

the results. [273] To overcome these limitations, an alternative assay was 

chosen. The vasculogenesis to angiogenesis array (V2a) provided 

advantages such as the ability to test multiple compounds in one plate, was 

carried out over two weeks, involved a co-culture of human cells that were 

able to show angiogenic activity by incorporating many angiogenic processes 

including endothelial cell migration, proliferation and the formation tubule 

structures. [66] The V2a array was used to evaluate the effect of the 

conditioned media from ADMSCs attached to 7507 TIPS films, 7507 control  

films, 7502 TIPS films, 7502 control films and polystyrene films on the tubule 

formation on a co-culture of endothelial cells and fibroblasts as a measure of 

in vitro angiogenesis. After 14 days of periodic addition of conditioned media, 

tubules were stained with PECAM-1/CD31, imaged and analysed using 

Angio.Sys 2.0 software, where the number/pixel density of total length, 

junctions and branches were quantified. The V2a kit included three internal 

controls. A positive control of the pro-angiogenic factor VEGF that would 

increase endothelial tubule formation, a negative control of suramin, that is 

thought to inhibit angiogenesis by preventing binding of VEGF by blocking the 

KDR receptors and also blocks FGF receptors preventing binding of FGFs and 

[274, 275] a media only control to identify any effects the media may have on 

the tubule formation. The provided software measured the number of tubules, 

mean tubule length, number of junctions and mean number of branches, which 

was translated as a measurement of angiogenesis. Figure 5.4 shows that the 

positive and negative controls behaved as expected, with more tubules formed 

with the addition of VEGF and significantly less formed with the addition of 

suramin. The results indicated that the secretomes of ADMSCs seeded onto 
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TIPS polymer films substrates resulted in increased in vitro angiogenesis 

compared with PLGA controls and thus has shown that the exposure to the 

TIPS-structure positively influences the promotion of angiogenesis.  

 

As previously discussed, characteristics such as topography, stiffness, 

porosity and hydrophobicity of a material influence cell behaviour. [201, 207, 

225, 276] Stiffness and roughness of the polymer films were characterised in 

Chapter 3, where it was shown that PLGA 7507 TIPS films had higher stiffness 

values and a slower degradation rate that resulted in rougher surfaces after 

10 days compared to PLGA 7502 TIPS films and smooth PLGA films. It has 

been reported that cells more readily attach to rougher and stiffer surfaces; 

[205, 219, 220] this chapter has shown that ADMSCs not only successfully 

attach and survive on TIPS surfaces, but also display pro-angiogenic 

behaviour through an increase in VEGF secretion and activation of biological 

processes including regulation of cell migration, vascular development and 

angiogenesis. The synthesis of VEGF from ADMSCs has been shown to be 

influenced by many factors including oxidative stress, hypoxia and chemical 

and mechanical stimuli. [277] This is particularly promising for the proposed 

application of cellularised TIPS constructs to treat ischemic disease through 

the promotion of angiogenesis. By implanting a material in which cells readily 

attach and proliferate, the cells can remain at the target site to have their 

therapeutic effect. In addition, the pro-angiogenic behaviour of ADMSCs 

seeded onto TIPS polymer films suggest that these constructs could 

conceivably successfully induce angiogenesis in pre-clinical and clinical 

settings.  
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5.5 Summary 

 

This chapter investigated the angiogenic effect of cellularised TIPS polymer 

constructs. 

 

Previous chapters have reported that the TIPS process produced films with a 

dramatically different structures to the control films, that in turn altered the 

degradation, stiffness and roughness of the material. This chapter has 

subsequently highlighted that 7507 TIPS polymer films had superior pro-

angiogenic behaviour compared to PLGA 7502 TIPS films and smooth control 

films. This occurred through increased secretion of VEGF and the promotion 

of biological processes such as regulation of cell migration, vascular 

development and angiogenesis. Therefore, PLGA 7507 TIPS-processed 

substrates were investigated further through pre-clinical studies and also as 

an alternative 3D microparticle delivery device in Part II. 
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5.6 Supplementary Information 

 

S5.1 VEGF165 secretion (pg/mL) per ADMSC seeded onto TIPS and control polymer 

films at days 1, 4, 7 and 10. VEGF165 secretion per cell was higher from ADMSCs 

seeded onto 7507 TIPS polymer films, with the highest secretion at day 7. There were 

significantly lower levels of VEGF165 secreted from cells attached to control films.  

 

 

 

 

 

 

 

 

 

 

 

 

 

S5.2 Proteome profiler proteins from ADMSCs on 7507 TIPS polymer films 

were analysed through STRING Analysis for connections to biological 

processes. Images show the connections between the secreted genes and 

proteins. The detected genes had strong connections to regulation of 

locomotion, angiogenesis, regulation of cell migration, blood vessel and 

vascular development.  

 

 

 

 

 

 

 

 

 

pg/mL/cell 
 

Day 1 
 

Day 4 
 

Day 7 
 

Day 10 
 

7507 TIPS 

polymer films 

 

0.045  

 

0.052 

 

0.097 

 

0.089   

 

7507 control 

polymer films 

 

0.035  

 

0.033 

 

0.048  

 

0.023      

 

7502 TIPS 

polymer films 

 

0.028  

 

0.020   

 

0.035 

 

0.023      

 

7502 polymer 

control 

 

0.040     

 

0.023 

 

0.037  

 

0.055 

 

Polystyrene 

polymer films 

 

0.018  

 

0.038  

 

0.066 

 

0.061     

Biological Processes: 

 

 

 
 

 

 

 

Regulation of locomotion            Angiogenesis.                                        

(13 genes, 5.6e-11 FR)              (10 genes, 2.27e-11 FR)                     
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S5.3 Proteome profiler proteins from ADMSCs on 7507 TIPS and 7507 

control  polymer films were analysed through STRING Analysis for 

connections to molecular functions. Images show the connections between 

the secreted genes and proteins. TIPS polymer films had 15 genes 

connected to receptor binding in comparison to control polymer films where 

only 6 genes were connected to receptor binding.  

 

 

 

 

 

 

 

 

 

 

 

S5.4 Proteome profiler proteins from ADMSCs on 7507 control polymer films 

were analysed through STRING Analysis for connections to biological 

processes. Images show the connections between the secreted genes and 

proteins. The detected genes had connections to angiogenesis, regulation of 

cell migration and blood vessel and vascular development. There were less 

proteins connected to these biological processes, with the control polymer 

films in comparison to TIPS polymer films. 

 

Molecular Function: 

Receptor Binding: TIPS                      Control 

 

 

 

 

 

 
 

(15 genes, 5.78e-12 FR)                   (6 genes, 1.49e-4 FR)                

Regulation of Cell Migration    Blood vessel and vascular development 

(12 genes, 1.85e-10 FR).           (10 genes, 1.06e-10 FR) 
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S5.5 A table detailing the functions of the proteins included in the human 

angiogenesis proteome profiler. 

 

Name 

 

 

Function  

 

Description 

 

Ref 

 

 

Activin A 

 

Promotes 

 

 

Activin-A is a member of the TGF-b family. It 

regulates endothelial cell proliferation. 
 

 

[278] 

 

ADAMTS-1 

 

Inhibits 

 

ADAMTSs are a group of proteases that bind to 

the ECM. The anti-angiogenic activity of 

ADAMTS-1 is mediated through TS motifs and is 

connected to TSP1 and TSP2.  
 

 

[279] 

 

Angiogenin 

 

Promotes 

 

 

The protein encoded by ANG gene is a very 

strong potent mediator of new blood vessel 

formation. 
 

 

[280] 

 

Angiopoietin 

-1 

 

 

Promotes 

 

 

 

Angiopoietin-1 plays an important role in vascular 

development and angiogenesis. It binds to an 

endothelial cell-specific tyrosine-protein kinase 

receptor.  
 

 

[280] 

 

Angiopoietin 

-2 

 

Promotes 

 

 

Ang-2 works with VEGF to facilitate cell 

proliferation and migration of endothelial cells. 

Ang-2 binds the endothelial-specific receptor 

tyrosine kinase 2. 

 

[281] 

Biological Processes: 

 

 

 

 

 

 

Angiogenesis                          Regulation of Cell Migration             

(6 genes, 6.44e-5 FR)            (8 genes, 4.43e-10 FR)      

 

Blood vessel and  

vascular development 

(6 genes, 1.68e-4 FR) 
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Angiostatin 

 

Inhibits 

 

Angiostatin is a specific angiogenesis inhibitor. It 

blocks tumour angiogenesis. 
 

 

[282] 

 

Amphiregulin 

 

Promotes 

 

 

AR is an epidermal growth factor receptor ligand 

that enhances angiogenesis by increasing VEGF-

A levels. 
 

 

[265] 

 

Artemin 

 

Promotes 

 

 

ARTN modulates endothelial cell behavior and 

promotes angiogenesis. 
 

 

[283] 

 

Tissue 

Factor III 

 

 

Promotes 

 

 

Enables cells to initiate the blood coagulation 

cascades. TF and VEGF expression mutually 

enhance each other and has been shown to be 

critical for VEGF expression. VEGF causes TF 

promoter activation and gene up-regulation. 
 

 

[284, 

285] 

 

 

CXCL16 

 

Promotes 

 

 

CXCL16 induces angiogenesis via ERK, Akt, p38 

pathways and HIF-1α modulation. 
 

 

[286] 

 

DPPIV/ 

CD26 

 

Promotes 

 

DPPIV has roles in ECM degradation, cancer 

invasion, endothelial cell sprouting, cell migration 

and angiogenesis. 
 

 

[287] 

 

EGF 

 

Promotes 

 

 

Epidermal growth factor binds to EGF-receptors, 

that code for a transmembrane receptor tyrosine 

kinase that regulates angiogenesis. 
 

 

[288] 

 

EG-VEGF 

 

Promotes 

 

 

Endocrine gland derived VEGF is mainly 

expressed in the placenta and is a potent 

angiogenic factor stimulating endothelial cell 

proliferation, migration and sprouting.  
 

 

[289] 

 

Endoglin/ 

CD105 

 

Promotes 

 

Endoglin is a receptor for TGF-b. It is expressed 

in proliferating endothelial cells and is regulated 

by HIF-1a. 
 

 

[290] 

 

Endostatin 

 

Inhibits 

 

Endostatin is a fragment of collagen XVIII, a 

proteoglycan/collagen found in vessel walls and 

basement membranes that inhibits angiogenesis. 

 

[291, 

292] 

 

 

 

 

 

Endothelin-1 is a vasoactive peptide. It has roles 

in effecting pericytes, endothelial cells, increases 
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Endothelin-1 Promotes 

 

the secretion of VEGF and HIP-1a. It also 

stimulates fibroblasts to produce pro-angiogenic 

factors. 
 

[293] 

 

 

FGF acidic 

 

 

Promotes 

 

 

FGF1 promotes proliferation in endothelial, 

fibroblasts and stem cells. Been shown to exert 

pro-angiogenic effects on endothelial cells and 

are involved in the organisation of endothelial 

cells into tubules. 
 

 

 

[294] 

 

FGF basic 

 

Promotes 

 

 

FGF2 promotes proliferation in endothelial, 

fibroblasts and stem cells. Involved in the 

organisation of endothelial cells into tubules. 
 

 

[294] 

 

FGF-4 

 

 

Promotes 

 

 

Involved in myogenic cell migration and 

proliferation of stem cells. FGF4 has been linked 

to FGF1 and FGF2 in the promotion of 

angiogenesis.  
 

 

[294] 

 

FGF-7/KGF 

 

Promotes 

 

 

Keratinocyte growth factor acts on microvascular 

endothelial cells and epithelial cells. It stimulates 

proliferation and activates MAPK.  
 

 

[295] 

 

GDNF 

 

Promotes 

 

Glial-derived neurotrophic factor mediates 

endothelial cell network formation independent of 

VEGF. 
 

 

[296] 

 

GM-CSF 

 

Promotes 

 

 

GMCSF induces vessel sprouting and endothelial 

cell survival. It has been shown to accelerate 

inflammatory responses. 
 

 

[297] 

 

HB-EGF 

 

Promotes 

 

 

Heparin binding-EGF regulates angiogenesis 

through P13K, MAPK and eNOS pathways by 

influencing VEGF. 
 

 

[298] 

 

HGF 

 

Promotes 

 

 

HGF promotes angiogenesis stimulating 

endothelial cell proliferation and migration. 
 

 

[299, 

300] 

 

IGFBP-1 

 

Promotes 

 

 

 

IGFBP-1 modulates the biological activities of 

IGF-1 proteins. IGFs Induce proliferation, 

 

[301] 
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migration, and differentiation of endothelial and 

smooth muscle cells. 
 

 

IGFBP-2 

 

Promotes 

 

 

Increases the production of genes related to 

VEGF production, endothelial cell migration and 

angiogenesis. 

 

[302] 

 

 

IGFBP-3 

 

Promotes 

 

 

IGFBP-3 promotes endothelial cell motility. It up-

regulates VEGF and MMPs. IGFBP-3 positively 

regulates angiogenesis through involvement of 

IGF-IR signalling and SphK/S1P activation. 
 

 

 

[303] 

 

 

IL-1 beta 

 

 

Promotes 

 

 

IL-1B is produced by activated macrophages and 

stimulates IL-2 release, B-cell maturation and 

proliferation, and fibroblast growth factor activity. 

IL-1 proteins are involved in the inflammatory and 

proangiogenic responses.  
 

 

 

[304] 

 

CXCL8/ IL-8 

 

Promotes 

 

IL-8 binds to CXCR2 receptors on endothelial 

cells and activates the angiogenic ERK/PK3 

pathway.  
 

 

 

[305] 

 

LAP 
 

 

Inhibits 
 

 

TGF-1b inhibits proliferation of epithelial cells and 

VEGF. 

 

[306] 

 

Leptin 

 

Promotes 

 

Activates angiogenesis through a leptin receptor 

in endothelial cells. Leptin also regulates MMPs 

and TIMPs. 
 

 

[307] 

 

 

CCL2/  

MCP-1 
 

 

 

Promotes 

 

Mediates TGF-beta signalling via Smad3/4 that is 

involved with stimulating smooth muscle cell 

migration towards endothelial cells. 
 

 

[308] 

 

CCL3/MIP-1 

alpha 
 

 

Promotes 

 

CCL3 promotes VEGF-A expression and 

endothelial progenitor cell migration.  

 

[309] 

 

MMP-8 

 

Promotes 

 

 

 

MMPs are involved in the breakdown of ECM and 

tissue remodelling. MMP-8 converts Ang-1 to 

Ang-2, which increases endothelial cell 

proliferation/migration-related gene expression. 
 

 

[310] 
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MMP-9 Promotes MMP promotes VEGF and VEGF receptor-2 

binding, resulting in increased capillary vessel 

density. 
 

[311] 

 

NRG1- 

beta1 

 

 

Promotes 

 

 

NRG-1 is an epidermal growth factor present in 

the cardiac microvascular endothelium. NRG-1 

has been shown to be vital for angiogenesis. 
 

 

[312] 

 

Pentraxin 3 

 

Inhibits 

 

 

PTX3 blocks FGF receptor 2 and inhibits FGF 

exerting its angiogenic activity.  
 

 

[313] 

 

PD-ECGF 

 

Promotes 

 

 

 

Platelet derived endothelial cell growth factor 

promotes endothelial cell proliferation and 

motility. PD-ECGF is primarily expressed from 

platelets and placenta. 
 

 

[314] 

 

PDGF-AA 

 

Promotes 

 

 

PDGF-AA is most highly expressed in the heart, 

muscle and pancreas. It regulates angiogenesis 

by regulating FGF-2 levels. 
 

 

[315] 

 

PDGF-AB/ 

PDGF-BB 

 

Promotes 

 

 

PDGF-B is expressed by pericytes and 

endothelial cells. It is vital for the maturation of 

the vascular wall and also is enhanced by VEGF. 
 

 

[315] 

 

 

Persephin 

 

 

Promotes 

 

 

 

Persephin is a protein belonging to the GDNF 

family and promotes neuronal survival. Persephin 

is and related to Artemin and TNF-b. GDNF 

interacts with MAPK, P13K/AKT and ERK 

pathways that promote angiogenesis.  
 

 

[316, 

317] 

 

CXCL4/ PF4 

 

Inhibits 

 

 

PF4 inhibits angiogenesis by interacting with 

angiogenic growth factors, activates CVCR3 

receptors and integrin binding. 
 

 

[318] 

 

PlGF 

 

Promotes 

 

 

Placental Growth Factor-1 is active in 

angiogenesis, as well as in the stimulation, 

proliferation, and migration of endothelial cells. It 

signals through receptor VEGFR-1. 

 

[319] 

 

Prolactin 

 

Promotes 

Prolactin induces phosphorylation of ERK1/2 and 

STAT5 that induces tube formation of endothelial 
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 cells. It releases pro-angiogenic factors via 

leukocytes and epithelial cells. 
 

[320, 

321] 

 

Serpin B5/ 

Maspin 

 

Inhibits 

 

Maspin inhibits angiogenesis by halting 

endothelial cell migration towards bFGF and 

VEGF to limit mitogenesis and tube formation. 
 

 

[322] 

 

Serpin E1/    

PAI-1 

 

Inhibits 

 

Serpin E1 inactivates VEGF receptor 2 and 

blocks VEGF binding and signalling.  
 

 

[323] 

 

Serpin F1/ 

PEDF 

 

Inhibits 

 

PEDF inhibits angiogenesis by blocking Ang-2 

signalling in endothelial cells. PEDF binding 

causes cleavage of VEGF-R1 and blocks VEGF 

signalling.  
 

 

[324] 

 

TIMP-1 

 

Inhibits 

 

TIMP-1 inhibits specifically ADAM10 and MMP-9. 

MMPs degrade the basement membrane and 

TIMPS effect cell growth, differentiation, migration 

and apoptosis. 
 

 

[325] 

 

TIMP-4 

 

Inhibits 

 

TIMP-4 inhibits multiple MMPs and 

ADAM17/28/33. 

TIMP-4 reduces microvascular density and 

inhibits neovascularization. 

 

[325, 

326] 

 

 

Thrombo-

spondin-1 

 

 

Inhibits 

 

 

TSP1 has anti-angiogenic activity. It is a 

matricellular glycoprotein that influences cellular 

phenotype and the structure of the ECM. These 

effects are important components of the tissue 

remodelling that is associated with angiogenesis. 
 

 

 

[327] 

 

Thrombo-

spondin-2 

 

Inhibits 

 

TSP2 can inhibit angiogenesis by limiting 

proliferation and inducing apoptosis of endothelial 

cells. It can inhibit the remodeling of the ECM. 
 

 

[328] 

 

 

uPA 

 

Promotes 

 

 

uPA helps increase vascular permeability by 

supporting endothelial cell proliferation and 

migration with VEGF. It can interact with EGF and 

PDGF receptors during angiogenesis, affecting 

proliferation and survival of endothelial and 

smooth muscle cells. 
 

 

 

[329] 
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Vasohibin 

 

Inhibits 

 

Vasohibin is a negative feedback regulator of 

angiogenesis produced by endothelial cells. It is 

expressed in endothelial cells to stop 

angiogenesis. 
 

 

[330] 

 

 

VEGF 

 

 

Promotes 

 

 

VEGF induces angiogenesis by initiating the 

degradation of the ECM, it regulated endothelial 

cell migration and tubule formation. TGF-β, EGF 

and PDGF-BB induce VEGF-A mRNA 

expression.  
 

 

[331, 

332] 

 

 

VEGF-C 

 

Promotes 

 

 

VEGF-C binds to VEGFR3. VEGF-C mRNA 

levels increase in response to pro-angiogenic 

PDGF, EGF, TGF-β and IL-1β. 
 

 

[333] 

 

 

S5.6: Images from the V2a array tubules stained with anti-CD31. Images 

were analysed through Angio.Sys software and tubule length, branches and 

junctions were quantified. Images show that more tubules had formed from 

7507 TIPS polymer film samples in comparison to 7507 control films, 7502 

TIPS and control films. Images of internal controls revealed VEGF promoted 

tubule formation and suramin blocked tubule formation. 
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Part I. 

Chapter 6: Pre-Clinical Evaluation of Acellular 

TIPS-Based Materials 

 

 

 

6.1 Introduction  

 

6.1.1 Pre-Clinical Models of Peripheral Artery Disease 

 

Peripheral artery disease (PAD) is caused by a reduction or cessation of blood 

flow in the peripheral arteries, often resulting in ischaemia of the lower 

extremities. If left untreated a deadly complication termed critical limb 

ischaemia can develop. [10] With no curative treatments for PAD currently 

available and in vitro studies limited to early stage research due to difficulties 

replicating living organisms in the lab, it is vital to be able to reproduce 

diseases in vivo in order to effectively develop new treatments. To achieve this 

in a pre-clinical setting, the hindlimb ischaemia model is often utilised by 

obstructing blood flow to the lower extremities with surgical intervention. The 

hindlimb ischaemia model has been established in a range of animals, 

including mice, [334] rats, [335] rabbits, [336] pigs [337] and to sheep. [338] 

There are multiple methods to induce ischaemia, and the selection of the most 

appropriate procedure is dependent on the animal’s age, gender, strain, the 

level and severity of ischaemia required, and the treatment investigated. For 

example, Niiyama et al., 2009, reported that the age of an animal significantly 

affected recovery times. With young mice recovering much quicker than older 

mice, where older mice are more suited for angiogenic studies as any 

differences between treated and control groups would have time to be seen. 

[334] Animal strain must also be considered when selecting the method to 
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induce ischaemia. Helisch et al., 2006, showed that the genetics of a mouse 

can impact the formation of collateral vessels, and thus reperfusion time. 

Therefore, animals that are genetically modified (where blood vessel formation 

is affected) would need to be subject to a procedure that is able to effectively 

induce ischaemia, without causing complete necrosis of the foot, and 

experiments would need to be optimised before further studies. [339, 340] 

Procedures to induce ischaemia can involve femoral artery ligation, femoral 

artery excision, dissection of the femoral artery and vein, electrocoagulation of 

the iliac artery and/or femoral artery. [334, 340-342] To optimise the method 

that was able to induce ischaemia in mice immediately without causing 

necrosis, two methods were investigated. Firstly, unilateral femoral artery 

ligation and, secondly, unilateral artery excision. Both were evaluated through 

laser doppler imaging.   

 

6.1.2 Tissue Engineering Strategies for the Treatment of Ischemic     

Disease 

 

The hindlimb ischaemia model has been used to investigate the effect of many 

therapies for the treatment of PAD. Treatments range from gene therapies to 

promote the secretion of pro-angiogenic growth factors, [50] cell therapies with 

the delivery of stem cells and endothelial cells, [66, 71, 84, 91] angiogenic 

growth factor delivery, most commonly VEGF, FGF or PDGF [46], drug 

delivery, [343] biomaterials in combination with cell therapies [138, 146, 344] 

and hydrogel based biomaterials alone [345] for the treatment of PAD. There 

have been successes in the delivery of cell therapies for the treatment of 

ischemic disease: Frangogiannis et al., 2018, conducted a review that 

examined the delivery of a range of cell types for the treatment of PAD to 

patients who were not able to receive revascularisation surgery. They 

concluded that cell therapy was a promising treatment for PAD as many 

clinical trials reported improvements in rest pain, blood flow and wound 

healing, as well as lower amputation rates.  Despite these results, some 

clinical trials did not report a difference between groups receiving the therapy 

and placebo, highlighting the need for improvements to cell therapy 
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approaches. [73] Studies have shown that delivery of cells via suspension 

results in up to a 90% cell loss from the implant site after 24 hours and long-

term cellular retention is less than 1%. [4, 5, 77, 92-94] Without an effective 

way of delivering cells to the target site the potential of ischemic treatments 

remains futile. To overcome these challenges, a biomaterial can be utilised to 

facilitate cell therapies by acting as an anchor for the cells, support proliferation 

and survival of the cells. From this, the cells can remain at the implant site and 

have the opportunity to have their therapeutic effect.  [68, 90, 346-348]  

 

The in vitro pro-angiogenic response seen from ADMSCs seeded onto 7507 

PLGA TIPS polymer films through the increased secretion of VEGF and in 

vitro capillary formation in Chapter 5 opens up the possibility of utilising TIPS-

processed ADMSC substrates for the treatment of PAD. Before this, the 

response, safety and delivery of the polymer films in vivo must be determined 

in the relevant pre-clinical model. This chapter explores the use of the hindlimb 

ischaemia model as a pre-clinical model of peripheral artery disease. Once 

established, this model was then utilised to investigate the in vivo response to 

TIPS biomaterials through the subsequent implantation and assessment with 

laser doppler imaging and histology. 
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6.2 Methods  

6.2.1 Inducing Ischaemia in a Pre-Clinical Model of Peripheral Arterial 

Disease                            

Before surgery all tools and surgical drapes were autoclaved at 121oC for 15 

minutes. New and disposable surgical cap, clothes, shoe covers, and gloves 

were worn. Aseptic technique was always followed. Female 2-3 months old 

c57bl/6 mice were anaesthetised in an anaesthesia chamber, with 1-3% 

Isoflurane (PRI001325-EA, SAS, USA) and 2 L/min oxygen flow. The 

anaesthesia chamber was cleaned before and after each use using 70% 

ethanol. The mouse was placed in the supine position away from the surgical 

table and connected to a continuous flow of isoflurane and oxygen where both 

limbs were extended and shaved using an electric shaver. A protective gel 

was placed over both eyes of the mouse to prevent drying (Puralube vet 

ointment). The mouse was then transferred to the surgical table and placed in 

the supine position on a draped heated pad to prevent heat loss from the 

animal. Using an aesthetic facemask, the mouse was connected to a 

continuous flow of 1-3% isoflurane with 2 L/min oxygen flow. The right hindlimb 

was extended and secured with autoclave tape and the skin cleaned with an 

antiseptic wash. A microscope was used for a clearer view of the hindlimb 

during the surgery. An incision approximately 1 cm in length was made in the 

skin above the femoral arterial bundle with scissors. Using fine forceps, the 

subcutaneous fat was removed from the thigh muscle and the neurovascular 

bundle was exposed.  

6.2.1 Evaluation of Methods to Induce Hindlimb Ischaemia.                                      

To determine the optimal hindlimb ischaemia model two different approaches 

were evaluated: unilateral femoral artery ligation and superficial artery 

excision. Unilateral femoral artery ligation (n=2) was performed by separating 

the femoral nerve from the femoral artery and vein at the proximal position 

near the groin and above the superficial epigastric artery. A non-absorbable 

7-0 silk suture (7733D, Ethicon, USA) was passed through the separated 

artery and vein and tied twice to occlude blood flow, whilst keeping the nerve 
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unaffected. The second method, superficial artery excision, involved gently 

separating the nerve from the femoral artery and vein, ligating the femoral 

artery once at the common femoral artery site and again at the superficial 

femoral artery site using non-absorbable 7-0 silk sutures (7733D, Ethicon, 

USA). The artery was cut below the suture the and excised (n=2). Between 

surgeries all instruments were wiped clean and re-sterilised using a hot bead 

steriliser (Premier Deluxe Model B) at 250oC for 10-30 seconds and allowed 

to cool before re-use. All incisions were closed with 3-4 5-0 coated Vicryl 

absorbable sutures (J409G, Ethicon, USA) and cleaned, then animals were 

placed into a recovery chamber until consciousness was regained. All incision 

sites were checked after 24 hours to ensure the sutures had not broken and 

for signs of infection or suffering. If the sutures had broken, the animal was 

anaesthetised, and the wound was re-sutured with 5-0 coated Vicryl 

absorbable sutures. The animals were monitored every 6-7 days. The 

efficiency of the surgeries was assessed by laser doppler imaging immediately 

after surgery, and the blood reperfusion was measured weekly up to 21 days 

with laser doppler imaging.  

6.2.2 Blood Flow Evaluation Using Laser Doppler Imaging                           

To assess if hindlimb ischaemia had been induced during surgery, the mouse 

was placed in the prone position on a heated pad and connected to a 

continuous flow of 1-3% isoflurane and 2 L/min oxygen via an aesthetic 

facemask. The heated pad was covered with a non-reflective surface to 

minimise the backscattered light that can interfere with the laser doppler 

measurements. The laser doppler (moorVMS-LDF, UK) was connected to a 

laptop (Dell) with the moorVMS-LDF software. A live image of the mouse was 

taken and from this an area was selected for imaging. Laser doppler images 

were taken of the paws. Once completed, the anaesthetic mask was removed 

and the mouse was transferred to a recovery chamber until consciousness 

was regained. This process was repeated after each surgery was completed.   

At days 7, 14 and 21 mice were anaesthetised in an anaesthesia chamber with 

1-3% Isoflurane and 2 L/min oxygen flow. The mouse was then transferred to 
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a heated pad with a non-reflective surface, placed in the prone position and 

connected to a continuous flow of isoflurane and oxygen. Laser doppler 

images were taken of the paws. The mouse was then moved to the supine 

position, limbs extended and imaged again. The mouse was placed into a 

recovery chamber until consciousness was regained. A region of interest was 

highlighted and analysed using Moor software. The median values were taken 

from the experimental and control regions of interest and the untreated limb of 

each animal was used as the control. 

 

6.2.3 Polymer Film Implantation into the Hindlimb Ischaemia Model 

Before surgeries, polymer films were prepared as outlined in section 6.2.1. 

Implants were created by producing a 5 mm circular segment from the 13 mm 

prepared polymer films using a biopsy punch (A615110, Agar Scientific, UK) 

to create circular and replicable samples. The samples were imaged under 

SEM as described in Section 2.2.4 to assess the structure of the implant, as 

well as to measure the thickness of the films. Unilateral femoral artery ligation 

was used in c57bl/6 mice. Once ischaemia had been induced, 7507 TIPS 

polymer films were implanted over the occluded bundle (n=3) and this was 

repeated with 7507 control polymer films. (n=2) No treatment controls were 

also included. (n=2). All incisions were closed with 3-4 coated Vicryl 

absorbable sutures (J409G, Ethicon, USA). All incision sites were checked 

after 24 hours to ensure the sutures had not broken. If this had occurred, the 

sites were re-sutured as outlined in Section 6.2.1. The efficiency of the 

surgeries were assessed by laser doppler imaging immediately after surgery, 

and the blood reperfusion was measured weekly up to 21 days with laser 

doppler imaging. The surgeries were repeated three times.  

 

6.2.3 Evaluation of Implanted TIPS-Based Materials 

6.2.3.1 Preparing Microscope Slides Using TESPA 

3-triethoxysilylpropylamine (TESPA) was used to functionalise glass surfaces 

with alkoysilane molecules to induce a positive charge. This allowed for 

enhanced attachment of sectioned tissues. Clean glass slides (631-1551,  

VWR, UK) were incubated in acetone (20065.362, VWR, UK) for 5 minutes at  
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room temperature. Slides were then placed in 2% TESPA (440140, Sigma, 

UK) in acetone for 5 minutes at room temperature. The slides were then 

washed twice in deionized H2O for 5 minutes and left to dry at room 

temperature for 18-24 hours.  

 

6.2.3.2 Histological Analysis of Tissues 

Animals were culled using the established schedule I method of 5 minutes 

exposure to CO2 from 30% to 70% and confirmation of death by cervical 

dislocation. The lower limbs were dissected, and tissues were immersed in 4% 

formalin solution (HT501128, Sigma-Aldrich, UK) for 48 hrs or RNALater 

(AM7020, ThermoFisher, UK) and placed in -20oC freezer for long term 

storage. RNALater is a solution developed to stabilise and protect RNA within 

tissues without having toxic effects and allowing long-term storage of tissues. 

It has been shown to have comparable RNA as fresh tissue and samples 

stored in conventional methods such as freezing in liquid nitrogen. [349] After 

fixation in formalin and before tissue dehydration and embedding, the 

gastrocnemius muscle was dissected from the femoral bone and placed into 

a histology cassette (18000-130, VWR, USA). Samples were then placed into 

70% ethanol for 1 hour, 95% ethanol for 1 hour, 100% ethanol for 1 hour, 1½ 

hours, overnight and again for 1 hour. Samples were drained and placed into 

Histo-clear (AGR1345, Agar Scientific, UK) for 1 hour and again for 2 hours. 

Finally, samples were placed into 58°C Paraplast X-tra wax (P3808, Sigma, 

UK) for 1 hour and again for 2 hours. 15 mm x 15 mm disposable moulds 

(3804016, Lecia, UK) were used to embed the samples. The base of the mould 

was filled with warm wax (approximately to 5 mm deep). The cassette 

containing the tissue was removed from the wax and the lid discarded. The 

tissue was transferred into the mould, ensuring that the proximal portion of the 

tissue was facing down. Once the wax had begun to solidify, wax was poured 

over the tissue and the bottom of the cassette was placed on top. Once the 

wax was completely cooled and hardened the paraffin block was removed out 

of the mould. Blocks were stored at -10oC. Tissues were sectioned using a 

microtome. First, a water bath was pre-warmed to 37ºC. A blade was placed 

onto the microtome (and replaced every ten blocks). The block was placed 
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into the microtome where the block was aligned in the vertical plane. The block 

was cut down to the desired tissue plane. The microtome dial was set to cut 5 

µM and five sections of paraffin ribbons were cut and picked up with forceps. 

The ribbons were floated on the surface of the 37ºC water bath. The sections 

were then collected at approximately a 30o angle using Superfrost Plus 

Adhesion microscope slides (J1810AMNT, ThermoFisher, UK) or TESPA 

slides. Sections were pressed between filter paper (grade 303, 150 mm, 516-

0295, VWR, UK) soaked with 70% ethanol. The block was cut 100 µm and 

another five 5 µM sections were cut. After this, blocks were refrozen because 

as the wax began to melt the sections would not cut properly due to the low 

melting point of the wax. Slides were dried and stored at room temperature. 

 

6.2.3.3 Haematoxylin and Eosin staining of Tissue Sections 

Before Haematoxylin and Eosin (H&E) staining, samples were de-waxed and  

rehydrated. Slides were placed into a slide rack and incubated in Histo-clear  

(AGR1345, Agar Scientific, UK) for 5 minutes twice and blotted for excess 

reagent. Slides were then incubated in 100% ethanol for 5 minutes twice, once 

in 95% ethanol for 5 minutes, once in 80% ethanol for 5 minutes and finally in 

deionized water for 2 minutes. Slides were blotted to removed excess water 

and immersed in haematoxylin for 3 minutes. Slides were then rinsed in 

alkaline tap water for 5 minutes to neutralise the acid. Slides were fast dipped 

into acid alcohol 20 times (1mL hydrochloric acid and 50 mL 70% ethanol) and 

immersed in tap water. For eosin staining, 1% eosin stock solution was 

prepared by combining 4 g eosin Y (E4009, Sigma, USA) with 80 mL distilled 

water and 320 mL 95% ethanol. Eosin Y working solution was prepared by 

combining 100 mL eosin Y stock solution to 300 mL 80 ethanol and 2 mL 

glacial acetic acid (537020, Sigma, USA). Slides were plunged into the 

working eosin solution for 30 seconds then immediately transferred into 95% 

ethanol for 5 minutes. Slides were then dehydrated by incubating in 95% 

ethanol for 5 minutes for a total of three times, two incubations in 100% ethanol 

for 5 minutes each and twice in Histo-clear for 5 minutes. Slides were then 

mounted with 0.5 mL DPX mountant (44581, Sigma, UK) and covered with a 
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glass coverslip (AGL463450, Agar Scientific, UK). Slides were images using 

a Nanozoomer 2.0-HT (Hamamatsu, UK). 

 

6.2.3.4 Immunohistochemical Staining of Tissue Sections  

Immunohistochemistry to stain for von Willebrand factor (VWF) was carried 

out. Slides were warmed for 20 minutes at 60oC then de-waxed and 

rehydrated using serial dilutions of ethanol and Histo-clear (AGR1345, Agar 

Scientific, UK) outlined in section 6.2.3.2. Slides were incubated for 1 hour in 

0.1% Triton (T8787, Sigma, UK) diluted in 1X PBS. Sections were washed 

twice in 1X PBS for 5 minutes. Antigen retrieval was performed by using 

Trypsin Enzymatic Antigen Retrieval solution (ab970, Abcam, UK). Trypsin 

buffer was warmed to 37oC and combined with the trypsin stock at a ratio of 

1:1. 200–400 µl of the solution was pipetted onto each slide and incubated at 

37oC in a humidified chamber for 10 minutes. The slides were washed twice 

in 1X PBS. To quench endogenous peroxidase activity, which may lead to high 

background staining, sections were incubated in 0.3% hydrogen peroxide for 

20 minutes. (10ml H2O2 in 300 mL Methanol). The slides were washed twice 

in 1X PBS. To stain for VWF, VECTASTAIN Elite ABC HRP kit (Peroxidase, 

Sheep IgG) (PK-6106, Vector Laboratories, USA) was used. To prevent non-

specific binding of the antibody to the tissues, each section was blocked. 200 

µL of Vectorstain blocking serum sheep IgG stock was added to 1 mL 1X PBS. 

200–400 µl of blocking solution was pipetted onto each slide. Slides were 

incubated for 1 hour at room temperature in a humidified chamber. Sheep 

primary antibody to Von Willebrand Factor (VWF, Ab11713, Abcam, UK) was 

first optimised with dilutions of VWF at 1:1000, 1:500, 1:250, 1:100 and 1:25 

in 1X PBS. 200–400 µL was pipetted onto each slide. Slides were incubated 

overnight at 4°C in a humidified chamber. The slides were transferred to a 

slide rack and washed twice in 1X PBS for 5 minutes. Biotinylated secondary 

antibody was prepared by adding 150 µL of the normal blocking serum stock 

and 50 µL of the biotinylated antibody stock to 10 mL of 1X PBS. 200–400 µL 

of the solution was pipetted onto each slide. Slides were incubated for 1 hour 

at room temperature in a humidified chamber. The slides were transferred to 

a slide rack and washed twice in 1X PBS for 5 minutes. 15 minutes before use 
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VECTASTAIN Elite ABC reagent was prepared. 200 µL of reagent A was 

added to 10 mL 1X PBS which and mixed thoroughly, then 200 µL of reagent 

B was added. Before incubation with VECTASTAIN ABC reagent sections 

were washed twice in 1X PBS for 5 minutes. 200–400 µL of the solution was 

pipetted onto each slide and sides were incubated for 30 minutes at room 

temperature in a humidified chamber. Slides were then transferred to a slide 

rack and washed twice in 1X PBS for 5 minutes. To develop the stain, one of 

each SigmaFAST tablet was dissolved in 10ml deionized water (Sigma, 

1002031992). One slide was removed from the 1X PBS, wiped down and 

placed under a microscope. 1 mL peroxidase substrate solution was added, 

and stain development was monitored. Slides were not exposed to peroxidase 

substrate for more than 10 minutes. Once the stain had developed slides were 

immersed in 1X PBS, then deionized water to stop the stain developing further. 

This was repeated for all the slides. The sections were counterstained with 

hematoxylin as described in section 6.2.3.3. Slides were images using a 

Nanozoomer 2.0-HT (Hamamatsu, UK). It was determined that 1:1000 dilution 

was optimal. Slides were also stained for endothelial cell marker anti-CD31 

(ab28364, Abcam, UK) at dilutions 1:10, 1:25, 1:50, 1:100, 1:250, 1:500 with 

VECTASTAIN Elite ABC HRP kit  (Peroxidase, Rabbit IgG) (PK-6101, Vector 

Laboratories, UK).  

6.2.4 Evaluation of Arteriogenesis             

H&E stained sections were evaluated for evidence of arteriogenesis by  

manually identifying arterial bundles within the gastrocnemius tissue.  Sections 

from the same position from the tissue were selected and imagedusing a 

Nanozoomer 2.0-HT (Hamamatsu, UK). The arteries within these bundles 

were measured by manually drawing around the outer and inner lumen in the 

NPD.view2 software which provided measurements. From the circumference 

measurements the area of the lumen and artery wall were calculated using the 

equations in Table 6.1 
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6.2.5 Evaluation of Angiogenesis Related Gene Expression from 

Ischemic Limbs Treated with TIPS-Based Materials 

6.2.5.1 Extracting RNA From Tissues for Evaluation of Gene    

Expression 

6.2.5.1.1 Method 1 Using RNeasy Mini Kit (74104, Qiagen, UK) 

Harvested tissue from previously described surgeries were stored in RNALater 

and placed in -80oC freezer for long term storage. It was essential to first 

decontaminate the work station of RNA by simply spraying all tools and work 

surfaces with RNaseZap (AM9780, ThermoFisher, UK). 10-30 mg of tissue 

was added to 700 µL of Buffer RLT lysate solution and 20 µL 2 M 

dithiothreitol (DTT) was loaded into a QIAshredder homogenizer spin column 

(79654, Qiagen, UK) held in a 2 mL RNase free collection tube. The samples 

were centrifuged for 2-3 minutes and the supernatant was transferred to a 

micro-centrifuge tube. 70% cold ethanol was added to the sample at a ratio of 

1:1 and pipetted thoroughly. 700 µL of the sample was added to a RNease 

spin column in a 2 mL collection tube and spun for 20 seconds. The flow 

through was discarded. 700 µL of Buffer RW1 was added to the RNeasy spin 

 

1. Ro = Co ÷ 2π 

2. Ri = Ci ÷ 2π 

3. At = πRo
2 

4. Ai = πRi
2 

5. Ao = Aa - Ai 

     Ao = Outer Area       Co = Outer Circumference        Ro = Outer Radius     

     Ai = Inner Area         Ci = Inner Circumference         Ri = Inner Radius      

     At = Total Area   

Table 6.1: Equations used to calculate circumference measurement of blood vessels 

from H&E stained tissue sections. 
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column to wash the membrane. The buffer RPE was reconstituted with 4 times 

as much 99% ethanol. 500 µL of the buffer was added to the spin column and 

centrifuged for 20 seconds. An additional 500 µL of the buffer was added to 

the spin column and centrifuged for 2 minutes to remove excess RPE buffer 

the column. The spin column was placed into a RNase free collection tube and 

50 µL RNase-free water was pipetted directly onto the column membrane with 

care taken to not touch the sides of the column. The column was spun for 1 

minute and RNA concentration of the flow through was measured using 

Nanodrop 8000 UV Visible Spectrophotometer (Thermo, UK).  

 

6.2.5.1.2 Measuring RNA Quality and Concentration with NanoDrop 

8000 UV Visible Spectrophotometer 

Samples were kept on ice before and during measurements. Before 

measurements the wells on the stage of the NanoDrop spectrophotometer 

was cleaned with a dry microfiber tissue (07-301-002, ThermoFisher, UK) to 

remove dust. 2 µL of RNAse free H2O was pipetted onto the first well on the 

stage. The stage lid was gently closed. The NanoDrop software was opened 

and RNA analysis selected. To calibrate the system, the calibration setting 

was selected and run. Once complete, the lid was lifted and the RNAse free 

H2O wiped away with a microfiber tissue. 2 µL of the sample was pipetted onto 

the first well on the stage. Once the measurement was complete the 260/280 

ratio, 260/230 ratio, concentration of RNA (ng/µL) and a spectroscopy graph 

(absorbance vs wavelength) was provided. The sample was wiped away with 

a microfiber tissue and this process was repeated for all samples.  

 

6.2.5.1.3 Method 2 Using Monarch Total RNA MiniPrep Kit (T2010S, 

Moncarch, UK) 

The work station was decontaminated of RNA by spraying all tools and work 

surfaces with RNaseZap (AM9780, ThermoFisher, UK). 10-30 mg of tissue 

was extracted from the region of interest from the mouse limbs stored in 

RNALater and was placed into an RNase-free microcentrifuge tube 

(AM12425, Invitrogen, UK). Monarch DNA/RNA protection reagent was diluted 

to 1x solution with nuclease free water. 1x DNA/RNA protection reagent was 
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added to each microcentrifuge tube was added at a ratio of 1mg to 100 µL. To 

ensure higher RNA yields tissues were mechanically homogenized. 

Proteinase K was reconstituted with 250 µL Proteinase K Resuspension 

Buffer. For every 300 µL of protection reagent added to the sample, 30 µL of 

Proteinase K Reaction buffer and 30 µL Proteinase K was added. Samples 

were vortexed and incubated in a waterbath at 55oC for 10 minutes. Samples 

were then vortexed and centrifuged for 2 minutes at 16,000xg and the 

supernatants were transferred to new microcentrifuge tubes. RNA Lysis buffer 

was added to the supernatants at a ratio of 1:1. Samples were vortexed for 10 

seconds. gDNA removal columns were added to RNase free collection tubes. 

800 µL of the sample was added to the removal column and centrifuged for 30 

seconds. Any remaining sample were added to the removal column and 

centrifuged again. The flow through was saved and the removal column was 

discarded. In order to precipitate the RNA, an equal volume of cold 99% 

ethanol was added to the sample and thoroughly mixed by repeated pipetting. 

The sample was transferred to an RNA Purification Column fitted with a RNase 

free collection tube. The sample was centrifuged for 30 seconds and the flow-

through was discarded. RNA wash buffer was reconstituted with 6.4 mL 99% 

ethanol. To enzymatically remove any residual gDNA, 500 µL of RNA wash 

buffer was added to the column and the sample was spun for an additional 30 

seconds and the flow through discarded. 75 µL of DNase reaction buffer was 

added directly to the matrix of the column and 5 µL of DNase 1 previously 

reconstituted with 55 µL nuclease free water. After 15 minutes incubation at 

room temperature 500 µL RNA Priming buffer was added, the sample was 

centrifuged for 30 seconds and the flow through discarded. This process was 

repeated with 500 µL wash buffer and spun for 2 minutes. The column was 

transferred to a RNase-free microcentrifuge tube. 100 µL nuclease-free water 

was added directly to the column matrix taking extra care not to touch the sides 

of the column. The sample was centrifuged for 30 seconds to elute the RNA. 

RNA was concentration and purity were measured using NanoDrop 8000 UV 

Visible Spectrophotometer (Thermo, UK) and stored in a -80oC freezer. 
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6.2.5.2 Reverse Transcription of RNA to cDNA Synthesis 

To create cDNA from the extracted RNA and eliminate genomic DNA, the RNA 

was reverse transcribed using QuantiTect Reverse Transcription Kit (205310, 

Qiagen, UK). RNA concentrations were calculated from NanoDrop 

Spectrophotometer. All reagents were kept on ice to avoid RNA degradation 

before use. RNA samples were removed from the -80oC freezer and thawed 

on ice. To eliminate genomic DNA, 2 µL of x7 gDNA Wipeout Buffer was added 

to a MicroAmp Fast 0.1 mL 8-Tube Strip (4358293, Thermo, UK). 72.74 ng of 

RNA was added to each tube and adjusted to a total of 14 µL with RNase-free 

H2O. The samples were incubated for 2 minutes at 42oC and placed on ice. In 

a separate tube, 1 µL Quantiscript Reverse Transcriptase, 4 µL x5 Quantiscript 

RT Buffer and 1 µL RT Primer Mix was combined. This solution was added to 

the 14 µL from the DNA elimination reaction to a total of 20 µL. Samples were 

incubated for 15 minutes at 42oC, then 3 minutes at 95oC and stored at -20oC 

before further use.  

 

6.2.5.3 Design of Oligonucleotide Primers for Quantitative Polymerase 

Chain Reaction  

Oligonucleotide primers were designed to be 20 base pairs long, with a melting 

temperature between 66-72oC, desalted with a coupling efficiency of 99% with 

GC contents between 45-55%. Primers were reconstituted with nuclease free 

water to a concentration of 100 uMole. Once primers were checked and 

passed self-annealing, Heparin formation and GC clamp tests, they were 

purchased from Invitrogen, UK. The primers designed were VEGF-A, FGF2, 

PDGFRA, PEGF and NRP-1 (summarised in Table 6.2). Murine actin (Mmu 

Actb) was used as a reference gene.  

 

Primer Name 
 

Forward 
(5’-3’) 

 

Tm 
Reverse 

(5’-3’) 

 

Tm 

 

Murine Vascular Endothelial 

Growth Factor A (VEGF-A) 

 

CAG GCT GCT 

GTA ACG ATG AA 

 

47 

 

CTC ACC AAA 

GCC AGC ACA TA  

 

47 

 

Murine Basic Fibroblast 

Growth Factor (FGF2) 

 

AGC GGC TCT 

ACT GCA AGA AC 

 

49 

 

GCC GTC CAT 

CTT CCT TCA TA 

 

47 
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6.2.5.4 Relative Quantitative Polymerase Chain Reaction to Evaluate 

Angiogenesis Related Gene Expression from Ischemic Limbs Treated 

with TIPS-Based Materials 

Relative quantitative polymerase chain reaction (qPCR) was used to amplify 

the full coding sequences of VEGF-A, FGF2, PDGFRA, PDGF and NRP-1 in 

order to detect and quantify the expressions of the genes. All reagents and 

samples were thawed and kept on ice. 10 µL 2x Brilliant II SYBR Green QPCR 

(600882, Aligent, UK), 8 µL RNase-free H2O, 0.5 µL reverse primer, 0.5 µL 

forward primer and 1 µL of the cDNA were thoroughly mixed and added to a 

well in a MircoAmp Optical 96-well reaction plate (10411785, Fisher Scientific, 

UK), two blank control wells were included and the plates were sealed with 

well caps (MicroAmp 8-Cap Strip, N8011535, ThermoFisher, UK). This was 

repeated with all samples and forward and reverse primers. Actin (Mmu Actb) 

was used as a reference gene. Agilent Mx3005P qPCR system was used to 

analyse the samples. Before samples were placed into the reader, the plates 

were centrifuged for 30 seconds. The thermal profile was set to run one cycle 

at 95oC for 5 minutes, then the samples were exposed to 95oC for 10 seconds 

and 57oC for 7 seconds for 40 cycles. Finally, samples were run once at 95oC 

for 1 minute, 55oC for 30 seconds and 95oC for 30 seconds.  

 

 

Murine Platelet Derived 

Growth Factor Receptor 

Alpha (PDGFRA) 
 

 

TGG CAT GAT 

GGT CGA TTC TA 

 

45 

 

CGC TGA GGT 

GGT AGA AGG 

AG 

 

51 

 

Murine SerpinF1 (PEGF) 

 

AAG ACG ACC 

CTC CAG CAT TT 

 

47 

 

AGG GGC AGG 

AAG AAG ATG AT 

 

47 

 

Murine Neurophilin-1 (NRP-

1) 
 

 

AAC CCA CAT 

TTC GAT TTG GA 

 

49 

 

TTC ATA GCG 

GAT GGA AAA CC 

 

48 

Table 6.2: Summary of Primers designed for qPCR. 
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6.2.6 Profiling for Angiogenic Growth Factors from Ischemic Limbs 

Treated with TIPS-Based Materials 

Qiagen RT2 Angiogenic Growth Factors Array (PAHS-072Z, Qiagen, UK) was 

used to profile 84 angiogenic related growth factors from the limbs with 

induced hindlimb ischaemia and treated with acellular TIPS and control 

polymer films. RNA was extracted (Section 6.2.5.1.3) from control limbs and 

limbs implanted with 7507 TIPS polymer films after hindlimb ischaemia. The 

reagents of the RT2 first strand kit (330401, Qiagen, UK) were thawed and 

centrifuged. To eliminate DNA, 2 µg Buffer GE was added to 150 ng of RNA 

and made up to a total volume of 10 µL with RNase-free water. This solution 

was thoroughly mixed by pipetting, then incubated for 5 minutes at 42oC and 

placed on ice. To created cDNA, to each tube 10 µL of reverse transcription 

mix (4 µL 5x Buffer BC3, 1 µL Control P2, RE3 Reverse Transcriptase Mix and 

3 µL RNase-free water) was added. The samples were incubated at 42oC for 

15 minutes, 95oC for 5 minutes and placed on ice. 1350 µL of the RT2 SYBR 

Green ROX qPCR Mastermix (330520, Qiagen, UK) was combined with 1248 

µL RNase-free water and 102 µL of the cDNA synthesis reaction. To the RT2 

PCR Array 96 well plate (330231, Qiagen, UK) 25 µL of the prepared solution 

was added to each well and pipetted up and down to ensure thorough mixing, 

avoiding bubble formation. Each well was sealed. Before samples were placed 

into the reader, the plates were centrifuged for 30 seconds. The thermal profile 

was set to run 1 cycle at 95oC for 10 minutes, then the samples were exposed 

to 95oC for 15 seconds, 55oC for 35 seconds and 72oC for 30 seconds for 40 

cycles.  
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6.3 Results  

 

6.3.1 Pre-Clinical Evaluation of Acellular TIPS-Based Materials 

6.3.1.1 Hindlimb Ischaemia Model 

Two methods were used to induce hindlimb ischaemia in c57/bl6 mice to 

determine the most appropriate method to block blood flow to the lower limb, 

whilst avoiding complete necrosis and amputation of the extremity. Unilateral 

femoral artery ligation and superficial femoral artery excision were performed 

and laser doppler images were taken immediately after surgeries and then at 

days 7 and 21. Images were evaluated and quantified. Results revealed that 

unilateral femoral artery ligation had induced ischaemia immediately, with no 

necrosis developing as reperfusion returned to the limb after 21 days. 

Superficial femoral artery excision did not induce ischaemia in the limbs, as 

seen in Figure 6.1 and remained unchanged through the timepoints.  

 

 

    

    

    

 

 

 

 

 

Therefore, unilateral femoral artery excision was selected as the method that 

most effectively induced hindlimb ischaemia and was used in all further in vivo 

experiments. Laser doppler imaging was first used post-operatively to confirm 

that ischaemia had been induced in the treated limbs. It was used weekly for 

Figure 6.1: Laser-doppler imaging showing the paws of mice that had undergone 

unilateral femoral artery ligation and superficial femoral artery excision post operatively 

and at days 14 and 21.  
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3 weeks to analyse the progression of reperfusion in the hindlimbs and paws. 

Images were analysed using moorVMS-LDF software for quantitative results. 

Results were plotted as perfusion ratio, where the untreated limb of each 

animal acted as the treated limbs control.  

 

6.3.2 Implantation of Biomaterials  

Before the implantation of polymer films, they were prepared from 13mm films 

produced in Part I. Section 2.2.3. Polymer films were hydrophilised as 

described in Part I. Section 2.2.8. 5mm polymer films were imaged to assess 

the integrity of the films after cutting and hydrophilisation. Figure 6.2 shows 

that the biopsy punch had successfully cut the 7507 TIPS and control polymer 

films without damaging the integrity of the film. Images show that 

hydrophilisation did not affect the 7507 control polymer films. There were 

visible differences in the edges of the7507 TIPS and PLGA control polymer 

films before and after hydrophilisation. Hydrophilised polymer films had more 

frayed edges; most likely due to degradation. Figures 5.2 e-g show 

representative images with the thickness of the 7507 TIPS polymer films 

measured. Average thickness was 1.41 µm. Hindlimb ischaemia was induced 

in C57/bl6 mice and either 5mm 7507 TIPS or 7507 control polymer films were 

immediately implanted into the ischaemic limb. 
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The animals’ limbs were imaged using laser doppler immediately after 

surgeries and at days 7, 14 and 21. Figure 6.3 shows that ischaemia was 

induced after surgeries and after 7 days, there was no significant difference in 

the reperfusion of limbs between all groups. After 14 days, mice with the 7507 

TIPS polymer film implant had significantly higher reperfusion rates compared 

to the control implant (0.95±0.2 and 0.35 ±0.3 respectively). This effect 

continued to 21 days with a further increase in perfusion ratio with the 7507 

TIPS polymer films (0.9 ±0.16) compared to 7507 control polymer films and a 

no treatment control (0.32 ±0.09 and 0.56 ±0.2 respectively). 

Figure 6.2: SEM images of 5mm 7507 PLGA TIPS polymer implants before a) and after 

hydrophilisation b) SEM images of 5mm 7507 PLGA control polymer implants before c) and 

after hydrophilisation d) Images e-g) show the thickness of the 7507 TIPS polymer films.    

3 µm  2 µm   3 µm  

e)  f)  g)  

Figure 6.3: Laser-doppler imaging of the paws of mice that had undergone unilateral femoral 

artery ligation and subsequent implantation of 7507 PLGA TIPS films, control 7507 PLGA 

films and no treatment. Images were taken post-operatively and at days 7, 14 and 21.  
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6.3.3 Histological Analysis 

The hindlimbs were harvested, fixed, embedded and sectioned as described 

in section 6.2.3.2. Sections were stained with haemoxylin and eosin (H&E) as 

described in section 6.2.3.3. Haemoxylin is a basic stain that binds to 

negatively charged substances and thus stains the nuclei of a cell purple. 

Eosin is a negatively charged stain that binds to positively amino acids and 

stains the cytoplasm of cells pink. [350] Tissue sections (Figure 6.5) show that 

the implanted polymer films remained at the implant site. The texture of the 

TIPS processed material is visible in images 6.5a, b and c, revealing that after 

21 days the hierarchical texture of the material was still present. 

 

Haemoxylin stain shows attachment and infiltration of cells into the surface of 

the 7507 TIPS polymer film implant, indicated by red arrows in image 6.5a. 

There is also evidence of blood vessel formation around the 7507 TIPS  

Figure 6.4: Quantification of laser-doppler imaging of the paws of mice that had undergone 

unilateral femoral artery ligation and subsequent implantation of 7507 PLGA TIPS 

processed films, control 7507 PLGA films and no treatment. Results are shown as perfusion 

ratio at days 7, 14 and 21. (n=3) Where * = P<0.05 and *** = P<0.001. Two-way ANOVA 

with Geisser-Greenhouse correction = * (P=0.0316). 
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implant, as indicated in image 6.5a and 6.5b in black arrows. The evidence of 

blood vessels was investigated further using immunohistochemistry staining 

for von Willebrand factor (VWF). Positive VWF staining can be seen around 

7507 TIPS polymer film implant, as well as around the 7507 control, indicated 

by black arrows. The presence of more blood vessels seen around the TIPS 

implant may account for the increased reperfusion seen in the laser doppler 

imaging and quantification (Figure 6.4). 

 

 

 

 

 

 

 

 

100 µm 200 µm 

a)    b)   

700 μm 

300 μm 

d)  

e)   

200 μm 

500 μm 

200 µm 

a)  

c)

b)  

Figure 6.5: H&E staining of tissue sections showing the implantation of a-c) PLGA TIPS 

polymer films and d-e) PLGA control polymer films into the hindlimb ischaemia model. Red 

arrows indicate infiltration of cells into the surface of the 7507 TIPS polymer film implant.  

Black arrows indicate evidence of blood vessel formation around the 7507 TIPS implant. 
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150 µm 350 µm 

c)   d) 

Figure 6.6: VWF staining of tissue sections showing the implantation of a-b) PLGA TIPS 

polymer films and c-d) PLGA control polymer films into the hindlimb ischaemia model. 

Black arrows highlight positive staining and indicate evidence of blood vessel formation.   
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Figure 6.7: H&E tissue sections showing collateral blood vessels within the gastrocnemius 

muscle a-b) 7507 TIPS polymer film implantation c-d) 7507 PLGA control polymer film 

implantation e) no treatment control f) no ischaemia and no treatment control. 
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H&E stained sections were also examined for evidence of arteriogenesis. This 

was achieved by identifying collateral blood vessel formation in the 

gastrocnemius muscle and quantifying the vessel area, lumen area and vessel 

area/lumen area. Figure 6.7 shows images of representative collaterals and 

Figure 6.8 shows the quantification of blood vessel measurements from limbs 

treated with TIPS polymer films had significantly smaller collateral vessel size 

compared with PLGA polymer films and no treatment controls.  There was a 
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Figure 6.8: Quantification of collaterals found through H&E staining a) outer vessel 

circumference measurements (µm) Ordinary One-Way ANOVA = **** (P=0.0004) b) lumen 

circumference measurements (µm) Ordinary One-Way ANOVA = ** (P=0.0034) c) vessel 

area (µm2) Ordinary One-Way ANOVA = **** (P=0.0002) d) lumen area (µm2). (n=5) 
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significant difference in both the vessel area and lumen area between 

ischemic limbs with no treatment and non-ischemic controls. There was no 

significant difference in vessel area and circumference measurements 

between TIPS polymer films and non-ischemic controls vessels (n=3). Results 

show that ischemic limbs with no treatment had significantly larger collateral 

vessel size and lumen size.  

 

6.3.4 Analysis of In Vivo Gene Expression 

 

Samples that had undergone ischemic surgery and treated with TIPS polymer 

films were analysed for the expression of VEGF-A, FGF2, PDGFRA, PEDF 

and NRP1. In order to extract RNA, 30 mg of tissue (stored in RNAlater) from 

around the occluded vessel was harvested. RNA was extracted using Qiagen 

RNeasy Mini Kit. RNA concentration and quality were measured using 

Nanodrop spectrophotometer. Unfortunately, the levels and quality of the RNA 

was very poor, as indicated by 260/280 and 260/230 ratios, therefore an 

alternative method had to be adopted. Monarch Total RNA MiniPrep kit was 

used as it contained an additional gDNA removal and RNA protection step. 

With this method, RNA was successfully extracted and qPCR performed. The 

results were normalised to the reference gene (Actin) and show (Figure 6.9) 

that were no significant differences in gene expression between groups. These 

experiments require further optimisation and protocol development.  
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A Qiagen RT2 array was used to screen 84 genes associated with angiogenic 

growth factors. Murine hindlimbs treated with 7507 TIPS and control polymer 

films were prepared as described in 6.2.3. Results are displayed in Figure 6.10 

as a heat map of genes with a 10% increase/decrease in expression compared 

to reference genes plotted. In addition, the results are shown as pro-

angiogenic genes (green heat map) and anti-angiogenic factors (red heat 

map). The results show that there were differences between the expression 

profiles between TIPS and control samples. For example, 7507 TIPS had 

higher expression of VEGFA, Rasa1, Angpt1/4, FGF2, to name a few. 

 

The most significant difference found was the expression of Wars2. There are 

also differences between the expression of anti-angiogenic factors 

including Angptl1, Cga, Col4a3, Ifnb1, Timp3/4 and Amot. String analysis of 

factors promoted on TIPS polymer films compared to control polymer films 

showed connections to several biological processes including regulation of 

vascular development (7 genes, 1.8e-06 FD), blood vessel development (8 

genes, 3.4e-06 FD), vascular development (8 genes, 4.27e-06 FD) and 

cardiovascular system development (9 genes, 5e-06 FD).  

 

 

Figure 6.9: Quantification of VEGF-A, PDGFA, PEGF, FGF2 and NRP-1 expression from 

qPCR (n=1).  
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Figure 6.10: a) A heat map to show the expression of angiogenic growth factor genes from 

ischemic tissues implanted with 7507 TIPS polymer film and 7507 control polymer film b) a 

heat map to show the pro-angiogenic factor genes from 7507 TIPS polymer film and 7507 

control polymer film groups c) a heat map to show the anti-angiogenic genes from ischemic 

tissues implanted with 7507 TIPS polymer film and 7507 control films (n=1). 
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6.4 Discussion  

 

The hindlimb ischaemia model has been established as a useful pre-clinical 

model to investigate potential therapies for PAD. [66, 71, 91, 146, 334-337, 

342, 344] There are multiple procedures that induce hindlimb ischaemia and 

the method of induction is dependent on factors including, the animal age, 

gender, strain, and the treatment investigated. For the purpose of this study 

mice were chosen due to their small size that contributed to their low cost of 

housing, smaller quantities of expensive materials/therapeutics required and 

fast surgery (and recovery from surgery) times. Mice were also chosen 

throughout the pre-clinical studies as species to species variability can also 

affect the outcomes of studies, as species will vary in blood vessel structure, 

vessel formation and collateral presence. Water et al., 2004, reported on the 

differences between species collateral vascular networks, with mice more 

closely resembling human anatomy compared with rats. [351]  The use of mice 

also opens up further investigative potential due to their ability to be genetically 

modified, which is especially useful for exploring genetic therapies. This also 

includes the possibility to study human cells/derived treatments on 

immunodeficient mice. [352] To date, the hindlimb ischaemia model continues 

to be the most studied method to study PAD. [334, 339, 342, 353-355] It has 

many advantages such as fast surgery times (approximately 30 minutes per 

mouse), low risk of complications, it is reproduceable, incorporation of 

therapeutics is possible (depending on the administration/therapy required) 

and ischaemia is induced immediately, as confirmed by laser doppler imaging 

(Figure 6.3). [334] 

 

As with many in vivo models, there are discrepancies with the disease it 

replicates and the disease pathosis that cannot be accounted for. For 

example, PAD often develops because of atherosclerosis, fatty deposits 

forming in the arteries that block blood flow, [9] and is associated with 

generalised atherosclerosis and the development of other cardiovascular 

diseases. [15] This is extremely difficult to replicate in an in vivo setting, 

especially with small animal surgery. However, Madeddu et al., 2006, 
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identified an alternative technique to the hindlimb ischaemia model via the 

induction of thrombus, or spontaneous plaque rupture, that was used to study 

atherosclerosis induced PAD. This was achieved with apolipoprotein E 

deficient mice on high cholesterol diets, thrombin injection, iron trichloride, 

adenovirus administration or mechanical disruption of the endothelial surface 

of the arteries. [353] Such techniques could be incorporated into pre-clinical 

experiments in the future to more accurately replicate PAD In an experimental 

setting.  

 

Whilst it is important for models to be reproduceable in an experimental 

environment, it is not representative of how PAD would naturally present and 

progress, with each patient having differences in disease progression, severity 

and symptoms, which in turn are exacerbated by patient specific co-

morbidities such as hypertension and diabetes. [340] The disadvantage of 

using murine models was the ability of the mice to naturally revascularise and 

heal after hindlimb ischaemia induction after three weeks, as shown in the no 

treatment control groups (Figures 6.1 and 6.3). [341] This limited the 

therapeutic window of therapies and made long-term studies infeasible. 

Therefore, the findings from the murine hindlimb ischaemia model should be 

taken as proof of concept, and aid the development of further pre-clinical and 

clinical studies. [356]   

 

It was vital that the first surgeries that were undertaken were to assess the 

most appropriate method to induce ischaemia with the mice that were to be 

used for the implantation experiments. Two different methods of varying 

severity were used to induce ischaemia; unilateral femoral artery ligation and 

superficial femoral artery excision. Post-operative laser doppler images 

(Figure 6.1) revealed that unilateral artery ligation was successful in inducing 

hindlimb ischaemia but in contrast superficial artery excision did not cease 

blood flow to the paws. Despite the fact that this method has been established 

to be one of the most effective to inducing ischaemia, [357] in this case it was 

not severe enough for the c57/BL6 mice. The blood flow was most likely 

redirected into the deep femoral artery to allow the perfusion of the limb 

despite the excision of the artery. In contrast, the high ligature performed with 
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unilateral artery ligation avoided the redirection of blood flow and induced 

ischaemia immediately. With this method, revascularisation seen after 21 days 

which was in accordance with the established time-frame of the natural 

revascularisation of murine hindlimbs that have undergone ischemic surgery. 

[341] No necrosis was observed in any of the limbs and thus limb amputation 

was not necessary. For the purpose of this study, complete necrosis was not 

required as the proposed therapy would aim to induce angiogenesis before 

the patients PAD was so severe that amputation was required. In addition, it 

was also deemed unnecessarily severe as it would directly impact on the 

quality of life of the mice with a view to follow the guidance of ‘the three R’s’ 

(replace, reduce, refine).  

 

The implantation of acellular polymer films were first investigated due to the 

high numbers of variables that exist with a dual therapy (cells and 

biomaterials). These include cell dose, administration (e.g. intramuscular, 

systemic), optimal cell conditions (passage, in vitro culture time, seeding 

densities onto biomaterials etc.). TIPS 7507 polymer films were implanted into 

the hindlimb ischaemia model in order to assess how the materials behaved 

in vivo in terms of their ability to be implanted and remain at the implant site, 

their degradation behaviour and the host response to the materials. 7507 TIPS 

and control films were prepared and were imaged under SEM (Figure 6.2). 

Images displayed that polymer films remained intact after cutting into 5mm 

disks and hydrophilisation. Quantification of laser doppler imaging (Figure 6.4) 

revealed that there was a significant difference in the reperfusion rate of the 

mice treated with the 7507 TIPS polymer films. After 14 and 21 days, the mice 

treated with the 7507 TIPS polymer films had much higher reperfusion rates, 

where the 7507 control film groups did not differ from the no treatment control, 

which after 21 days had not improvement in perfusion ratios from day 7.  

Doppler is a well-established method to assess reperfusion of ischemic limbs, 

[341, 358] however, factors such as anaesthesia, temperature, oxygenation, 

hair (that attenuates the doppler signal) can influence results. [359] Therefore, 

to investigate the reperfusion response further, the tissues were harvested and 

processed through histological analysis. Sectioning and H&E staining 

revealed that the polymer films had successfully remained at the implant site 
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after 21 days, without the use of a fixative or sutures. However prolonged 

studies investigating the full degradation of the polymer films are required to 

fully understand how the material degrades, the lifetime of the implant and the 

in vivo response to the degration. There was also evidence of cellular 

infiltration within the implant, that would have aided in its ability to remain at 

the implant site. Sections of the control polymer film were obtained, but were 

not as intact as the TIPS films, which may be an artefact of the sectioning 

procedure (that can tear the material) or elude to the weaker structural integrity 

of the control film compared with the TIPS polymer film. This could account for 

the difference in response seen from the TIPS and control materials, as 

materials that have improved mechanical integrity can support the host tissue, 

which in turn can improve regeneration. [360]                                  

 

H&E staining is a well-established staining technique that is often the first stain 

used to identify cells, tissues and diseases due to its reliability, ability to be 

used with multiple different tissues and fixatives. [350] Blood vessel formation 

can be identified through H&E staining, with Kim et al., 2015, used H&E 

staining to identify blood vessels within tissue sections. [361] Clustering of 

cells stained positive for eosin around the TIPS processed implants suggest 

the formation of blood vessels (Figure 6.5), however staining for specific cell 

types such as endothelial cells is a more conventional method for identifying 

blood vessels. CD31/PECAM is one of the most common used 

immunohistochemical stains, it is specifically used to stain for endothelial cells, 

and thus for blood vessel formation. CD31 is a cell adhesion molecule found 

on endothelial cell intracellular junctions, as well as inflammatory cells and 

plasma cells. [362] After optimisation, anti-CD31 had positively stained the 

lumen of blood vessels in control slides. Despite attempts to optimise the 

protocol through antigen retrieval methods, quenching endogenous 

peroxidase activity, incubation times and varying the concentration of the 

primary antibody, the staining was unsuccessful when applied to sections of 

interest. Therefore, an alternative stain was investigated. Von Willebrand 

factor (VWF) is synthesised in endothelial cells and is therefore present in the 

plasma and Weibel Palade bodies of endothelial cells, it is also found in the 

matrix of blood vessel walls and therefore is a tool for investigating blood 
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vessel formation. [362, 363] Figure 6.6 shows positive VWF staining indicating 

the formation of blood vessels around the implant, suggesting that TIPS films 

promoted blood vessel formation in comparison to smooth controls. Likely 

through the integration to the host tissue, facilitated by the rough topography 

and interconnected porous structure of the TIPS materials. To further evaluate 

the VWF staining, the number of capillaries can be quantified as a ratio of 

capillary density to myofibers. This quantification between treated groups 

could account for the differences in reperfusion rates seen between the 

ischemic limbs, as an increase in capillary to muscle fibres would allow an 

increase in blood perfusion of the muscle. [364] Higher capillary to myofiber 

ratios have been linked to an increase in angiogenesis and reperfusion of 

ischemic limbs in pre-clinical and clinical studies. [365-367] 

 

There are several biological processes that result in the formation of blood 

vessels. Vasculogenesis only occurs in embryonic development and results in 

the formation of the vascular network from de novo production of endothelial 

cells. [368, 369] Angiogenesis is the formation of capillaries from pre-existing 

vessels and occurs in ischemic or hypoxic conditions. Arteriogenesis is the 

formation and enlargement of arteries from pre-existing arterioles. 

Arteriogenesis can cause the revascularisation of a limb through increasing 

blood flow to collateral arteries without angiogenesis occurring, and occurs 

when there is an increase in shear stress. [369, 370] Limbourg et al., 2009, 

reported that both arteriogenesis and angiogenesis are vital for the reperfusion 

of ischemic tissue and that arteriogenesis can be evaluated from the 

morphological assessment of collateral arteries in smooth muscle. [369] 

Angiogenesis can be quantified through many methods including quantifying 

the number of capillaries in the gastrocnemius muscle through 

immunohistochemical stains as well as observing muscle perfusion and 

vasodilation through angiography. [369, 371-373]  

 

Preliminary work investigating the extent of arteriogenesis [374] shown in 

Figures 6.7 and 6.8 indicated that TIPS polymer films had smaller vessel and 
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lumen diameters compared with controls. This suggested that the implantation 

of control polymers resulted in an increase in arteriogenesis in comparison to 

TIPS PLGA implants. When taking into account that the implantation of 7507 

TIPS polymer films resulted in an increase in reperfusion of the treated 

ischemic limb, and the positive VWF staining, it could be proffered that 

reperfusion in ischemic limbs treated with 7507 TIPS polymer films was not 

due to arteriogenesis, but angiogenesis. Conversely, these results suggest 

that the slight reperfusion seen after 21 days in control limbs is due to 

arteriogenesis. However, to fully assess arteriogenesis blood vessels should 

be perfused with a vasodilation solution to avoid collapse [369, 375] and the 

number of arterioles would need to be calculated, where arterioles can be 

identified through smooth muscle actin staining. [376] 

 

To measure vasodilation further surgery is often required, with stimulating 

probes implanted to stimulate the gracilis anterior muscle. Blood flow and 

pressure can be measured, as well as profunda diameters from subsequent 

imaging. [373, 377] High resolution ultrasound can also be used to measure 

real-time vasodilation, most commonly after the addition of a stimulus. [378, 

379] Vasodilation most commonly occurs due to an increase in nitric oxide. 

Nitric oxide has been shown to have roles in both arteriogenesis and 

angiogenesis by increasing capillary formation and endothelial cell migration. 

[380] It has been shown that nitric oxide is present within ischemic hindlimbs 

14 days after surgery and could contribute to increases in reperfusion and 

blood flow seen within this time frame. [381-383] Davis et al., 2004, 

hypothesised that the stress the endothelial cells within the blood vessels are 

exposed to through hindlimb ischaemia surgery causes an increase in nitric 

oxide production through an increase in mRNA expression from binding of 

nuclear factor kappa B to a endothelial nitric oxide promotor region. [384] To 

assess if vasodilation effects the increase in reperfusion seen with the 

implantation of TIPS-processed materials, further assessment of mice would 

be required through imaging so not to subject the mice to further surgeries, 

which in itself may affect in vivo responses observed through causing 

inflammation.  
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To analyse the gene expression from tissues qPCR was used. qPCR is a 

sensitive and precise method to quantify nucleic acids through the 

amplification and detection of DNA targets. [385] It was utilised to analyse the 

expression of VEGF-A, PEDF, NRP-1. PDGFRA and FGF2, which were 

chosen as they are not only key angiogenic proteins but also were highlighted 

in the proteome profiler array in Part I. Chapter 4. RNA quality and quantity 

were assessed through Nanodrop UV spectrophotometer readings. The 

Nanodrop analysed samples by measuring surface tension and fibre optics. 

[386] Samples were exposed to UV light at 260 nm, as this is the average 

wavelength that successfully penetrates DNA and RNA. The UV light is 

absorbed by the RNA and using Beer-Lambert law the absorbed light is related 

to the absorbance rate, and thus the concentration of RNA within a sample. 

Quality of RNA was given as absorbance ratios of 260/230 and 260/280. [387, 

388] For pure RNA both 260/280 and 260/230 ratios should be between 1.8-

2.2. There are many reasons why samples would produce impure ratios. Low 

260/230 ratios could be cause by DNA, phenol (from extraction) or 

carbohydrate contamination of the sample, buffer carryover, inefficient 

degradation of RNA or insufficient precipitation with ethanol. Low 260/280 

ratios often indicate the sample is contaminated with proteins or phenol. In 

addition, pH can affect ratios, with extremes in pH causing degradation of 

molecular bonds and thus the destruction of RNA/DNA. [389, 390] The 

RNeasy mini kit was not successful, producing low quantities of RNA and 

impure ratios. Therefore, an alternative kit (Monarch total RNA mini prep kit) 

was used that involved an additional DNA removal step. This resulted in purer 

RNA ratios and an overall higher yield of RNA. Primers for qPCR were 

designed as described in Section 6.2.5.3 No definitive conclusions could be 

drawn from qPCR results as unfortunately, due to time constraints as well as 

a limited number of samples resulted in replica qPCR experiments infeasible. 

Ideally the qPCR would be optimised, and further testing performed. 

Optimisation would be achieved through determining optimal primer 

concentrations, RNA concentrations, formation of a standard curve, optimal 

annealing temperature determined and testing the primers for purity and 

primer-dimer potential with gel electrophoresis and SYBR Green I analysis. 

[391, 392] 
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The angiogenesis growth factor array from Qiagen was able to detect 86 

genes related to angiogenic growth factors. Due to the high cost of each array, 

only two groups were able to be assessed. RNA extracted from 7507 TIPS 

polymer films were chosen due to the significant increase in reperfusion ratio 

seen from laser doppler imaging in Figure 6.4 and compared to 7507 control 

polymer film implantations, with a view to highlight any possible differences 

the implantation of TIPS-processed materials had to control smooth materials 

on the expression of angiogenic-related genes. STRING analysis of genes 

promoted from the TIPS polymer film group (Figure 6.10) showed links to 

multiple biological processes including blood vessel development, vascular 

development and cardiovascular system development with Wars2 associated 

in all three processes, which was the gene with the most significant difference 

in expression found with a high expression from 7507 TIPS polymer films 

compared with 7507 control polymer film. Wars2 or mitochondrial 

tryptophanyl-tRNA synthetase is implicated in angiogenesis through 

responding to TNF-α and VEGF. Wars2 promotes endothelial cell migration, 

proliferation and capillary formation and the inhibition in zebrafish results in 

diminished heart function and vessel deformities. [393-395] Further analysis 

into the implications of Wars2 on the promotion of angiogenesis in a preclinical 

model of angiogenesis treated with the implantation of TIPS-processed 

materials is required. 

 

The premise for the presented work was to perform a proof of concept study 

with the view to implant cellularised constructs into the hindlimb ischaemia 

model to further evaluate the angiogenic effects of ADMSCs and TIPS PLGA 

polymer films. The unique surface topography and structure of TIPS polymer 

films had shown a pro-angiogenic response without the addition of biological 

agents or cells. As such, acellular polymer films were evaluated further with 

qPCR techniques, and the administration of injectable acellular 3D TIPS 

microparticles was explored in Part II. Chapter 5. 
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6.5 Summary 

 

Pilot studies investigating the effect of TIPS-processed polymer films in vivo 

were investigated. Evaluation of laser doppler imaging determined that the 

implantation of PLGA 7507 TIPS polymer films into a preclinical model of PAD 

increased the reperfusion of the ischemic limb after 21 days compared with 

controls. Histological analysis revealed that the polymer films remained at the 

implant site, indicating that future studies involving the implantation of 

cellularised constructs, the cells should be able to remain at the implant site 

and have their therapeutic effect.  

 

Preliminary studies into evaluating the extent of arteriogenesis had shown that 

there was more evidence of arteriogenesis with control groups compared with 

TIPS-processed substrates, indicating that the increase in revascularisation 

seen within the TIPS treated groups was from the formation of capillaries 

through angiogenesis.  

 

The implantation of TIPS polymer films into the hindlimb ischaemia model was 

analysed further through angiogenic growth factor gene expression compared 

with the control PLGA film implantation. Analysis of genes promoted from the 

TIPS polymer film group highlighted links to multiple biological processes 

including blood vessel development, vascular development and 

cardiovascular system development.  

 

The unique surface topography and structure of acellular TIPS based PLGA 

biomaterials could not only provide support to the host tissue but also facilitate 

native cell infiltration, recruitment of cells, and thus the activation of pathways 

that result in capillary formation and illicit a pro-angiogenic response without 

the addition of biological agents or cells through the host tissue response to 

the nano and micro surface characteristics. These findings open up the 

possibility of utilising unique TIPS-processed biomaterials for the treatment of 

PAD.  
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Part I. 

Chapter 7: Investigation of a Putative Biological 

Mechanism Responsible for the In Vivo Pro-

Angiogenic Effect of Acellular TIPS Polymer 

Films  

 

 

7.1 Introduction 

 

7.1.1 The Immune Response to Biomaterials 

 
It is well established that implantation of a material or foreign object into the 

body will result in a host immune response. [396] The need to investigate the 

immune response of biomaterials stems from the adverse effects it can cause, 

from pain to tissue destruction to complete failure of an implant. [397]  

 

When a material or device is introduced in the body, the injury caused results 

in the initiation of the coagulation cascade where proteins in the blood and 

ECM absorb onto the surface of the biomaterial, that in turn activates an innate 

immune response. The innate immune response is governed largely by 

neutrophils, mast cells and monocytes, that migrate to the injury site and 

secrete inflammatory cytokines including tumour necrosis factor (TNF-), 

interferon (INF)-, interleukin (IL)-4/-8/-13/-16 and monocyte chemoattractant 

protein-1 (MCP-1). This response is acute, lasting from hours to days. If this 

response persists, chronic inflammation develops. The chronic immune 

response is dictated by macrophages. Monocytes at the injury site differentiate 

into macrophages and circulating macrophages are recruited to the site due 

to the prolonged expression of TNF-, IL-4 and IL-13. Macrophages attach 

onto the surface of the implant (as they are unable to phagocytose the 

material) and fuse to form foreign body giant cells. From this, the inflammation 
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can be resolved or the foreign body giant cells deposit matrix proteins that 

encapsulates the material and forms granulation tissue. The extent of the 

acute and chronic inflammatory response is dependent on the implant or 

injury, with a biomaterial reaction usually lasting two to three weeks. If the 

reaction persists, fibrous capsule formation occurs that can lead to the failure 

of the implant or infection. Opportunities exist to control this response via the 

polarisation of macrophages. [396-403] 

 

Macrophages polarise into two distinct phenotypes depending on the 

cytokines and growth factors present. It has been shown that the type of 

macrophage influences the remodelling of the tissue surrounding the implant. 

Classically activated or type 1 macrophages (M1) result in tissue fibrosis and 

alternatively activated or type 2 macrophages (M2) result in tissue 

regeneration. [397] M1 macrophages are considered to be pro-inflammatory 

and are activated by lipopolysaccharides (LPS), INF-, TNF- and granulocyte 

macrophage colony-stimulating factor (GM-CSF). [404] M1 macrophages 

secrete pro-inflammatory cytokines including IL-1/-6/-8/-12/-23 which drive the 

inflammatory response and ultimately result in fibrous scar tissue formation or 

infection. Polarisation into M2 macrophages occurs in the presence of IL-4/-

10/-13, macrophage colony stimulating factor (M-CSF) and adenosine. [404] 

M2 cells can resolve the foreign body reaction by secreting numerous pro-

angiogenic growth factors including TGF-, PDGF and VEGF that can recruit 

a host of cell types to induce wound healing and angiogenesis. [405, 406] 

 

In response to a biomaterial, macrophages can accelerate the degradation of 

a biomaterial through the secretion of reactive oxygen species and acidic  

factors, which in turn can reduce the mechanical integrity of the material. [407] 

It is vital that the degradation rate of a material coincides with the rate of 

remodelling and ECM production in order for the implant to have its therapeutic 

effect. As the immune response has been shown to resolve with the 

elimination of the material, it is also important that an implant is not present for 

longer than needed. 
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As the immune response to a biomaterial can dictate its success or failure, 

many studies have focused on adapting materials to modulate the immune 

reaction. Physical properties of a material including its hydrophobicity and 

surface chemistry can influence the immune response through the initial 

absorption of proteins on the surface. [396, 402] Yu et al., 2011, demonstrated 

that modifying materials with polyethylene glycol to produce more hydrophilic 

surfaces resulted in less protein adsorption and less successful attachment of 

macrophages to the materials and thus a reduced immune response. [408] 

Substrate stiffness can regulate macrophage polarisation where surfaces with 

high stiffnesses have been shown to increase pro-inflammatory M1 behaviour. 

[409-411] 

 

The surface topography of a material has also been shown to influence 

immune cell activation and cytokine secretion through cell attachment and 

Figure 7.1: Schematic detailing the secretomes (black) and factors that induce differentiation 

(red) of monocytes, M0 macrophages, M1 macrophages and M2 macrophages. 
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morphology. The influence of micro and nano surface features on biomaterials 

on macrophages has been widely studied. [412-414] For example, Chen et al., 

2010, reported that surface gratings in the micro range resulted in a reduced 

inflammatory response compared to nano sized features or smooth control 

surfaces. [415] Furthermore, Waterfield et al., 2010, found that when 

macrophages attached to materials with different surface topographies, 

different pathways were activated. Where the NFkB pathway (that regulates 

the immune response) was more highly activated from cells attached to 

smoother surfaces. [416] 

 

7.1.2 Macrophages and Angiogenesis 

 

Macrophages play numerous roles angiogenesis. M2 macrophages secrete 

the pro-angiogenic factors; IL-8, bFGF, PDGF and VEGF. [405, 406] Jetten et 

al., 2014, found that M2 macrophages increased in vitro angiogenesis through 

increased expression of FGF2, insulin-like growth factor-1 and chemokine 

ligand 2 and in vivo angiogenesis through increased endothelial cell 

recruitment. [417] M2 macrophages also secrete matrix metalloproteinases 

(MMPs). Within angiogenesis, MMPs contribute to the degradation and 

remodelling of the basement membrane, aid pericyte and endothelial cell 

recruitment. [418] The role of M1 macrophages are predominately pro-

inflammatory and work to eliminate foreign bodies from the body through the 

secretion of reactive oxygen species and nitric oxide. [419] However, nitric 

oxide has been shown to initiate angiogenesis in hypoxic environments 

through the stimulation of HIF-1a, VEGF and the regulation of endothelial 

cells. [420] Therefore the presence of M1 cells at the implant site can in turn 

lead to the promotion of angiogenesis.  

These findings open up the possibility of utilising the in vivo macrophage 

response to biomaterials to promote angiogenesis. Hence, studies into the 

immune response of TIPS-processed materials were performed through the 

examination of in vivo implanted acellular TIPS polymer films and the 

examination of the in vitro response to M0/M1/M2 macrophages. 
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7.2 Methods 

 

7.2.1 Histological Analysis of Tissue Sections  

Hindlimb ischaemia was induced in c57/bl6 mice and implanted with TIPS-

processed polymer films as described in Part I. Section 6.3.1. Tissues were 

processed and H&E stained as described in Part I. Section 6.2.3.2. 

Slides were stained for M2 macrophages with anti-CD163 (ab182422, Abcam, 

UK) at a dilution of 1:500 in PBS (P5493-1L, Sigma, UK) and M1 macrophages 

with anti-CD80 (ab64116, Abcam, UK) at a dilution of 1:50 in PBS with 

VECTASTAIN Elite ABC HRP kit (Peroxidase Rabbit IgG) (PK-6101, Vector 

Laboratories, UK) following the immunohistochemistry protocol outlined in Part 

I. Section 6.2.3.4. 

 

7.2.2 THP-1 Cell Culture 

Complete RPMI-1640 media (R5886, Sigma, UK) with HEPES modification 

was prepared with the addition of sodium pyruvate (S8636, Sigma, UK), 0.05 

mM 2-Mercaptoethanol (ES-007-E, Sigma, UK), 1 mM pyruvate (S8636, 

Sigma, UK), 200 nM L-glutamine (G7513, Sigma, UK) and 10% fetal bovine 

serum (heat inactivated, E.U. approved, south American origin, 10500064, Life 

Technologies, UK). Human monocytic THP-1 cells at passage 3 were rapidly 

thawed in a 37oC water bath and cultured in 20 mL of complete RPMI-1640 

media in suspension for 1 week in an incubator at 37oC and 5% CO2. Cells 

were passaged up to P10 and re-seeded at a density of 4x105 cells/mL.  

 

7.2.3 Differentiation of THP-1 Cells into Macrophages 

To differentiate the THP-1 cells into macrophages (M0), 4x105 cells/mL cells 

were incubated with 150 nM (1mg/mL) phorbol 12-myristate 13-acetate (PMA, 

P8139, Sigma, UK) for 24 hours in complete RPMI-1640 medium at 37oC/5% 

CO2. Cells were then incubated in RPMI-1640 complete medium for 48-72 

hours at 37oC/5% CO2.  
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7.2.4 Differentiation of Macrophages into Classical Macrophage Type 1  

Phenotype  

To differentiate M0 to classical type 1 macrophages (M1), 4x105 cells/mL M0 

cells were incubated with 20 ng/mL recombinant human IFN-γ (300-02, 

Peprotech, UK) and 10 pg/mL LPS (L2630, Sigma, UK) in 15 mL of complete 

RPMI-1640 medium and incubated at 37oC and 5% CO2 for 48 hours. 

 

7.2.5 Differentiation of Macrophages into Alternative Macrophage Type 

2  Phenotype  

To differentiate M0 to alternative type 2 macrophages (M2), 4x105 cells/mL M0 

cells were incubated with 20 ng/mL recombinant human IL-4 (200-04, 

Peprotech, UK) and 20 ng/mL recombinant human IL-13 (200-13, Peprotech, 

UK) in 15 mL of complete RPMI-1640 medium at 37oC/5% CO2 for 48 hours. 

7.2.6 Cellularising TIPS Polymer Films 

 

M0, M1 and M2 cells were detached from T75 flasks through trypsinisation 

described in Part I. Section 2.2.7.  7507 PLGA TIPS films, 7507 PLGA control 

films, 7502 PLGA TIPS films, 7502 PLGA control films and polystyrene films 

were prepared as described in Part I. Section 2.2.2 and hydrophilised as in 

Part I. Section 2.2.8. 

 

To evaluate the effect of polymer films on the behaviour of macrophages, 

polymer films were seeded with 1 x 106 M1 or M2 cells in 0.5 mL M1 or M2 

differentiation medium in an ultra-low attachment 24 well plate (CLS3473, 

Corning, UK) (n=5). The supernatants were removed from each well at days 

1, 4, 7 and 10, frozen and replenished with 0.5 mL fresh differentiation media.  

 

To assess how the polymer films effected the differentiation of M0 cells, 

polymer films were seeded with 1 x 106 M0 cells in 0.5 mL in complete RMPI-

1640 media and cultured for 24 hours in an ultra-low attachment 24 well plate 

(CLS3473, Corning, UK) (n=5). After 24 hours the media was removed and 

M1 or M2 media was added. The supernatants from each well were removed 
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at days 1, 4, 7 and 10, frozen and each well was replenished with 0.5 mL fresh 

differentiation media. 

ADMSCs were cultured as described in Part I. Section 2.2.7. To investigate 

the effect of M1 and M2 supernatants from ADMSCs seeded polymer films, 

1x106 P6 ADMSCs in 0.5 mL MesenPROTM complete media was seeded onto 

polymer films in an ultra-low attachment 24 well plate (CLS3473, Corning, UK) 

and cultured for 24 hours (n=5). After 24 hours the MesenPro RSTM media was 

removed and 0.5 mL supernatants of M1 or M2 cells was added. The 

supernatants from each well were removed at days 1, 4, 7 and 10, frozen and 

each well was replenished with 0.5 mL M1 or M2 supernatants. 

 

7.2.7 Assessing Macrophage Behaviour on TIPS Polymer Films  

Human Interleukin 12 (IL-12 p70) Enzyme-linked Immunosorbent Assay 

(ELISA) (DY293B, R&D Systems, UK) was used confirm M1 and M2 

differentiation and the amount of IL-12 p70 released into the supernatants from 

cells seeded onto 7507 PLGA TIPS, 7507 PLGA control, 7502 PLGA TIPS, 

7502 PLGA control and polystyrene polymer films (n=5). 

The capture antibody was reconstituted to 480 g/mL in 1X PBS (P5493-1L, 

Sigma, UK) and diluted to the working concentration of 4.0 g/mL in 1X PBS. 

100 L was added to each well of a Nunc-Immuno MicroWell 96 well plate 

(M9410, Sigma, UK). Plates were sealed (DY992, R&D, UK) and incubated 

overnight at room temperature. Wash buffer was prepared as 0.05% Tween- 

20 (P1379, Sigma, UK) in 1X  PBS (P5493-1L, Sigma, UK). Each well was 

washed with wash buffer three times and blotted to remove excess liquid. 

Reagent diluent was prepared as 1% bovine serum albumin (05482, Sigma, 

UK) in 1X  PBS (P5493-1L, Sigma, UK) and 2% goats’ serum (16210064, 

Gibco, NZ) and 0.2 m filtered. Plates were blocked with 300 L of reagent 

diluent for 2 hours at room temperature then washed. The IL-12 p70 standard 

was reconstituted to 400 ng/mL in reagent diluent and diluted to a working 

concentration of 2000 pg/mL. Serial dilutions were prepared up to 7.81 pg/mL. 

Samples were centrifuged and 100 L were added to each well in triplicate, 

along with the standards and incubated at room temperature for 2 hours and 



 178 

washed. The detection antibody was reconstituted to 6 g/mL in reagent 

diluent and 2% heat activated normal goats’ serum (16210064, Gibco, NZ) 

and diluted to the working concentration of 100 ng/mL. 100 L of detection 

antibody was added to each well, incubated at room temperature for 2 hours 

and washed. The Streptavin- HRP was diluted at a ratio of 1:40 in reagent 

diluent and 100 L was added to each well. The plate was protected from light, 

incubated for 20 minutes at room temperature and washed. The substrate 

solution was prepared by adding equal volumes of colour reagent A (H2O2) 

and colour reagent B (Tetramethylbenzidine) (DY994, R&D, UK) immediately 

before addition. 100 L of the substrate solution was added to each well. The 

plate was protected from light, incubated for 20 minutes at room temperature 

and 50 L of 2 N H2SO4 (339741, Sigma, UK) was added to each well to stop 

the reaction and further colour development. The plate was then immediately 

read using a microplate reader (Fisher Scientific, UK) at wavelength 450 nm 

with correction set to 540 nm.  

VEGF165 ELISA (DY293B, R&D Systems, UK) was used to determine the 

concentration of VEGF165 in the supernatants from M0, M1, M2 and ADMSCs 

seeded onto 7507 PLGA TIPS, 7507 PLGA control, 7502 PLGA TIPS, 7502 

PLGA control and polystyrene polymer films (n=5). The methodology was 

described in Part I. Section 5.2.2.1. 

 

7.2.8 Screening for Cytokine Secretion from Adipose-Derived 

Mesenchymal Stem Cells Using Human Proteome Profiler Angiogenesis 

Array  

Human Cytokine Array (ARY005B, R&D, UK) was carried out using the  

methodology described in Part I. Section 5.2.2.2 with cytokine array 

membrane (898260, ARY005B, R&D, UK) and a cytokine specific detection 

Antibody Cocktail (898261 ARY005B, R&D, UK). 

 

7.2.9 Statistical Analysis 

Statistical Analysis was performed as described in Part I. Section 2.2.11. 
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7.3 Results 

 

7.3.1 Histological Analysis of Tissue Sections 

Figure 7.2 shows H&E stained tissue sections from Part I. Chapter 6 where 

ischaemia was induced in the hindlimbs of c57bl/6 mice and implanted with 

7507 TIPS polymer films. Black arrows indicate the formation of 

multinucleated giant cells at the surface of the TIPS film implant, arising from 

the fusion of macrophages. [421] In order to identify whether the cells were 

M1 phenotype, sections were stained using antibody directed against CD80 

and to identify if the cells were M2 phenotype, anti-CD163 was used. 

Immunohistochemical staining (Figure 7.3) shows evidence of positive anti-

CD163 staining around the 7507 TIPS polymer film implants. There was also 

evidence of positive anti-CD163 macrophage infiltration into the TIPS material 

as seen in Figure 7.3a. Staining for M1 macrophages with anti-CD80 showed 

no evidence of positive staining (Figure 7.4). 
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Figure 7.2: H&E staining tissue sections from 7507 TIPS Polymer Films implanted into 

a pre-clinical models of peripheral artery disease.  

a)        
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7.3.2 Differentiation of THP-1 Cells into Macrophages 

 

To ascertain if the differentiation of M0 macrophages into M1 and M2 

macrophages was successful an IL-12 p70 ELISA was used as M1 

macrophages express high levels of IL-12. Figure 7.5 revealed that M1 

macrophages secreted significantly higher levels of IL-12 in comparison to M2 

cells, confirming that the protocol established successfully differentiated M0 

macrophages into M1 and M2 phenotypes. 

50m 100m  

Figure 7.4: Anti-CD80 staining on 7507 TIPS Polymer Films into a pre-clinical models of 

peripheral artery disease.      

Figure 7.3: Anti-CD163 staining of 7507 TIPS Polymer Films into a pre-clinical models of 

peripheral artery disease. Dotted line indicates implant/tissue boundary.       

50m 
50m 

c)        d)        
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7.3.3. Assessing Macrophage Behaviour on TIPS Polymer Films  

 

M0 macrophages were seeded on 7507 PLGA TIPS, 7507 PLGA control, 7502 

PLGA TIPS, 7502 PLGA control and polystyrene films. The M0 cells were 

incubated either M1 or M2 macrophage differentiation medium to assess how 

the materials affected the ability of the cells to differentiate. The supernatants 

from each sample was measured for IL-12 p70 levels. Figure 7.6 shows M1 

macrophages secreted higher levels of IL-12, with a significant increase in 

secretion from cells seeded onto 7507 TIPS processed films after 10 days. 

There were low IL-12 levels from M2 cells seeded onto all the polymer films 

with no significant difference between the time points. 

 

The supernatants were also measured for VEGF165 levels. VEGF165 secretion 

from M1 macrophages seeded onto polymer films did not significantly vary 

between days 1 to 10. At day 4, TIPS PLGA films had higher VEGF levels 

compared to polystyrene (556.27 ±18.09 pg/mL), with 7507 TIPS (812.39 

±4.14 pg/mL) having higher concentrations than 7502 TIPS (556.52 ±43.7 

Figure 7.5 : IL-12 p70 ELISA from supernatants from M1 and M2 phenotype macrophages. 

(n=5) Where * = P<0.05, ** = P<0.01,  *** = P<0.001 and **** = P<0.0001.   
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pg/mL). This trend continued through days 7 and 10. M2 macrophages had 

significantly higher VEGF165 secretion on days 7 and 10, predominantly when 

seeded onto TIPS processed films (7507 PLGA TIPS; 1858.77 ±19.55 pg/mL 

and 7502 PLGA TIPS 1308.97 ±65.08 pg/mL on day 7).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.6: IL-12 p70 secretion from M0 macrophages differentiated into M1 and M2 

phenotype macrophages seeded onto PLGA 7507 TIPS polymer films, PLGA 7507 control 

films, 7502 TIPS polymer films, 7502 control polymer films and polystyrene polymer films for 

1, 4, 7 and 10 days. (n=5) Two-way ANOVA with Geisser-Greenhouse correction = * (P<0.05) 
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M0 macrophages were differentiated into M1 and M2 types on polymer films. 

Figure 7.6 shows VEGF165 levels secreted from the differentiated M1 and M2 

cells.  The secretion of VEGF165 from M0 differentiated to M1 macrophages  

on the polymer films had elevated VEGF165 levels from M2 macrophages, with 

Figure 7.7: VEGF165 secretion from M1 (Two-way ANOVA with Geisser-Greenhouse correction 

= * (P=0.0192)) and M2 (Two-way ANOVA with Geisser-Greenhouse correction = **** 

(P<0.0001)) phenotype macrophages attached to PLGA 7507 TIPS polymer films, PLGA 7507 

control films, 7502 TIPS polymer films, 7502 control polymer films and polystyrene polymer 

films at days 1, 4, 7 and 10. (n=5) 
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the highest levels of VEGF165 detected on polystyrene films (2815.1 ±94 

pg/mL). To assess how exposure to macrophage secretomes affected the  

polymer cellularised with ADMSCs, polymers were seeded with ADMSCs as  

Figure 7.8 VEGF165 (pg/mL) secretion from M0 macrophages differentiated into M1 (Two-way 

ANOVA with Geisser-Greenhouse correction = **** (P<0.0001)) and M2 (Two-way ANOVA 

with Geisser-Greenhouse correction = **** (P<0.0001)) phenotype macrophages seeded onto 

PLGA 7507 TIPS polymer films, PLGA 7507 control films, 7502 TIPS polymer films, 7502 

control polymer films and polystyrene polymer films at days 1, 4, 7 and 10. (n=5) 

 

1 4 7 10
0

500

1000

1500

2000

2500

3000

Day

V
E

G
F

 C
o
n
c
 p

g
/m

l

M0 - M1 Polymer Films VEGF ELISA

7507 TIPS Polymer Films

7507 Control Polymer Films

7502 TIPS Polymer Films

7502 Control Polymer Films

Polystyrene Films

1 4 7 10
0

500

1000

1500

2000

2500

3000

Day

V
E

G
F

 C
o
n
c
 p

g
/m

l

M0 - M2 Polymer Films VEGF ELISA



 185 

described in Chapter 4 Section 4.2.2 and exposed to the conditioned media 

from M1 or M2 cells. 

 

When exposed to TCP-1 derived M1 and M2 secretomes ADMSCs seeded 

onto TIPS and control PLGA films expressed much higher levels of VEGF165 

than macrophages alone. ADMSCs seeded onto polystyrene expressed  

significantly less VEGF165 in comparison to PLGA TIPS and control films 

shown in Figure 7.9.  M1 and M2 conditioned media on the VEGF165 secretion 

from ADMSCs seeded on 7502 PLGA TIPS and control films after 7 days, 

however at the earlier timepoints there was a higher level of VEGF165 detected 

from samples exposed to both types of macrophage in comparison to 

ADMSCs alone. VEGF165 levels at day 7 on 7507 TIPS films showed ADMSCs 

seeded under standard culture conditions have higher VEGF165 secretion 

(4954 ±1167 pg/mL) compared to ADMSCs exposed to M1 (2461.15 ±36.28) 

and M2 secretomes (3082.77 ±42.87) with the increase of ADMSC VEGF165 

levels increasing at day 10 (7300.62 ±1642.87 pg/mL). The same difference 

can be seen with 7507 control PLGA films at day 10. Interestingly, as with 

7502 polymer films, there were higher levels of VEGF165 from ADMSCs 

exposed to macrophages. For example, 7507 TIPS exposed to M2 

secretomes expressed 3059.12 ±587.96 pg/mL compared to 1696.95 ±528.06 

pg/mL ADMSCs alone. 
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Figure 7.9 VEGF165 secretion (pg/mL) from ADMSCs attached to PLGA 7507 TIPS polymer 

films, PLGA 7507 control films, 7502 TIPS polymer films, 7502 control polymer films and 

polystyrene polymer films at days 1, 4, 7 and 10 exposed to M1 (Two-way ANOVA with 

Geisser-Greenhouse correction = **** (P<0.0001)) and M2 (Two-way ANOVA with Geisser-

Greenhouse correction = **** (P<0.0001)) phenotype macrophages. (n=5) 
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In order to investigate the potential angiogenic secretomes of M1 and M2 cells 

when interacting with TIPS polymer films, an angiogenic proteome profiler was 

carried out. There were many differences in expression of angiogenic proteins 

between samples from TCP-1 derived M1 and M2 macrophages seeded onto 

7507 TIPS and 7507 control polymer films, as well as between M1 and M2 

macrophages. For example, pro-angiogenic factors FGFR2, MCP-1, MIP-1A, 

MMP-9 were found in increased quantities on TCP-1 derived M1 cells seeded 

on 7507 TIPS polymer films compared to M1 on 7507 control polymer films 

(Figure 7.10). In addition, M2 cells on 7507 TIPS surfaces had higher 

dipeptidyl peptidase IV (DPPIV), endothelin 1 (ET-1), MMP-8, PDGF-AA, 

placental growth factor (PIGF), Prolactin, Serpin E1 and urokinase-type 

plasminogen activator (uPA) levels compared to M2 control samples. When 

examining the differences between M1 and M2 type macrophages, M2 on 

TIPS surfaces had increased levels of endocrine gland-derived vascular 

endothelial growth factor (EG-VEGF), Endoglin, IGFB-1/-2/-3, MMP-8, PDGF-

AA, PIGF, Prolactin, Serpin E1 and uPA compared to M1, and M2 on control 

surfaces had higher levels of ANG, FGFR2, IGFB-1/-2, MIP-1, MMP-8, PDGF-

AA, Persephin, Prolactin and uPA M2 control compared to M1 seeded on 

control surfaces. In addition, there were also differences in anti-angiogenic 

protein levels. Higher levels of CXCL16 and TIMP-1 were found with samples 

from control materials in comparison to TIPS polymer films. Also, there were 

increased quantities of Endostatin, Serpin F1 and TSP-1 from samples seeded 

with M2 macrophages.  
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A separate profiler was also performed on 7507 TIPS and control polymer 

films to assess the cytokine release profiles (Figure 7.11). When comparing 

M2 macrophage samples, there was an increase in expression of growth-

related alpha protein ligand 1 (CXCL1/GROa) and G-CSF, and a decrease in 

chemokine (C-C motif) ligand 1 inflammatory cytokine-309 (CCL1/I-309), 

Figure 7.10: a) A heat map showing of the secretomes detected from the human 

angiogenesis proteome profiler array from M1 and M2 macrophages seeded onto 7507 

TIPS polymer films and 7507 control polymer films. b) A heat map to show the pro-

angiogenic factors from the proteome profiler array c) A heat map to show the anti-

angiogenic factors from the proteome profiler array. (n=1)  

A
N
G

A
ng

-1

A
ng

-2

A
rte

m
in TF

D
P
P
IV

E
G
-V

E
G
F

E
nd

og
lin
E
T-

1

FG
FR

2

H
B
-E

G
F
H
G
F

IG
FB

-1

IG
FB

-2

IG
FB

-3

IL
-1

B
IL

-8

M
C
P
-1

M
IP

-1
A

M
M

P
-8

M
M

P
-9

P
D
-E

C
G
F

P
D
G
F-A

A

P
er

se
ph

in

P
IG

F

P
ro

la
ct
in

S
er

pi
n 

E
1
uP

A

V
E
G
F

M1 TIPS 

M2 TIPS

M1 Control

M2 Control

5000

Pro-angiogenic Factors

10000 15000

A
ct
iv
in
 A

C
X
C
L1

6

E
nd

os
ta

tin

S
er

pi
n 

F1

TIM
P
-1

TS
P
-1

TS
P
-2

P
TX

3

5000

Anti-angiogenic Factors

10000

A
c
ti
v
in

 A
A

N
G

A
n

g
-1

A
n

g
-2

A
rt

e
m

in T
F

C
X

C
L

1
6

D
P

P
IV

E
G

-V
E

G
F

E
n
d

o
g

lin
E

n
d
o

s
ta

ti
n

E
T

-1
F

G
F

R
2

H
B

-E
G

F
H

G
F

IG
F

B
-1

IG
F

B
-2

IG
F

B
-3

IL
-1

B
IL

-8
M

C
P

-1
M

IP
-1

A
M

M
P

-8
M

M
P

-9
P

T
X

3
P

D
-E

C
G

F
P

D
G

F
-A

A
P

e
rs

e
p

h
in

P
IG

F
P

ro
la

c
ti
n

S
e

rp
in

 E
1

S
e

rp
in

 F
1

T
IM

P
-1

T
S

P
-1

T
S

P
-2

u
P

A
V

E
G

F

M1 TIPS 

M2 TIPS

M1 Control

M2 Control

0

Angiogenesis Proteome Profiler Array of M1 and M2 Macrophages on 7507 TIPS and Control Polymer Films

2000 4000 6000 8000 10000 12000 14000 16000

ANG
Ang-1

Ang-2

Arte
m

in TF

DPPIV

EG
-V

EG
F

Endoglin
ET-1

FG
FR2

HB-E
G

F
HG

F

IG
FB-1

IG
FB-2

IG
FB-3

IL
-1

B
IL

-8

M
CP-1

M
IP

-1
A

M
M

P-8

M
M

P-9

PD-E
CG

F

PDG
F-A

A

Pers
ephin

PIG
F

Pro
la

cti
n

Serp
in

 E
1
uPA

VEG
F

M1 TIPS 

M2 TIPS

M1 Control

M2 Control

5000

Pro-angiogenic Factors

10000 15000



 189 

CD40 and IL-4 on samples from cells seeded onto 7507 TIPS polymer films in 

comparison to 7507 smooth control surfaces. In addition, there were higher 

levels of chemokine (C-C motif) ligand 2/monocyte chemoattraction protein 1 

(CCL2/MCP-1), complement component 5/5a (C5/C5a), CXCL1, G-CSF, GM-

CSF and IL-5 cytokines from M1 macrophage samples in comparison M2 

macrophage samples.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.11: A heat map displaying the proteins detected from the human cytokine 

proteome profiler array from M1 and M2 macrophages seeded onto 7507 TIPS polymer 

films and 7507 control polymer films. (n=1)  
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7.4 Discussion 

 

7507 PLGA TIPS polymer films were implanted into a pre-clinical model of 

PAD. H&E stained tissue sections revealed the presence of multinucleated 

giant cells around the implants in Figure 7.2. Immunocytochemistry was used 

in an attempt to identify these cells in order to further understand the in vivo 

response to TIPS polymer films.  

 

Macrophages differentiate into at least two phenotypes in response to different 

signalling molecules and materials, where M1 type macrophages are primarily 

involved in the pro-inflammatory response and M2 type macrophages have 

roles in resolving inflammation, would healing and angiogenesis. [422] 

 

Tissue sections were stained for M1 cells using anti-CD80. Figure 7.4 revealed 

negative staining for anti-CD80, suggesting that the macrophages present 

around the TIPS polymer implants were not M1 pro-inflammatory cells. Figure 

7.3 displayed some evidence of positive anti-CD163 staining around the TIPS 

polymer implants. This suggested that the immune response associated with 

the implantation of the TIPS polymer film was being resolved through the 

presence of M2 macrophage response, rather than an immune response 

dominated by M1 macrophages. To confirm this, alternative stains for M1 and 

M2 macrophages can be used. 

 

Laser doppler imaging from Part I. Section 3.3.2 revealed that the implantation 

of TIPS polymer films into the hindlimb ischaemia model resulted in an 

increase in reperfusion in comparison to controls as well as blood vessel 

formation around the implant. This response could have been supported by 

the presence of M2 macrophages, that have been shown to secrete 

angiogenic growth factors (VEGF, FGF, EGF and PDGF) that promotes 

endothelial migration and subsequent blood vessel formation. [417, 423] To 

investigate the effect of M1 and M2 macrophages further, in vitro experiments 

were performed to examine the effect of TIPS-processed polymer films on 

macrophage behaviour.  
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Figure 7.5 revealed that M0 macrophages successfully differentiated into M1 

and M2 phenotypes through the increased secretion of the M1 marker IL-12 

p70 from M1 cells (where THP-1, M0 and M2 cells do not express IL-12 p70).  

[424] The results in Figure 7.6 show that the TIPS and control polymer films 

did not inhibit the differentiation of the macrophages. It was important to 

establish this, as despite aiming to reduce and resolve a pro-inflammatory 

response (through M2 differentiation), M1 cells are considered necessary to 

reduce the risk from infection from surgery. [425, 426] Interestingly, after 10 

days there was significantly higher levels of IL-12 from M1 cells seeded onto 

7507 TIPS polymer films, suggesting that the cells were proliferating at a 

higher rate compared to the other polymer film groups, where it has been 

shown (Part I. Section 4.3.3) that TIPS surfaces promote cell proliferation. 

However, cell proliferation assays would need to be employed to confirm this. 

Alternatively, the surface of the 7507 TIPS films stimulated a stronger M1 cell 

response after 10 days. It has been shown that materials with high porosity 

can influence macrophage behaviour. [427-430] Materials with high porosity 

result in an increased immune response in vivo through the formation of a 

fibrin capsule. This appears to be a negative response, however despite this, 

it has been shown that the porous materials are associated with the resolution 

of this pro-inflammatory response to a greater extent than smooth materials 

through tissue remodelling of initiated by M2 cells behaviour. [431-435] 

Therefore, the pro-inflammatory response associated with 7507 TIPS polymer 

films can be resolved more quickly and may even have an increased pro-

angiogenic compared to smooth control films. 

 

The secretion of VEGF165 from M2 macrophages was significantly higher than 

M1 macrophages found after 7 days when seeded onto 7507 TIPS polymer 

films in comparison to smooth polymer controls (Figure 7.7). This behaviour 

can be attributed to the porosity of the 7507 TIPS polymer films.  Porosity has 

been shown to promote M2 macrophage differentiation and pro-angiogenic 

behaviour through the secretion of VEGF165. [436, 437] The VEGF165 ELISA 

results also revealed that polymer films seeded with M1 macrophages 

secreted VEGF165, despite that M1 macrophages have not been shown to 

produce VEGF165. Therefore, the detection of VEGF165 could have arisen from 
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the M1 macrophages differentiating into M2 macrophages as a response to 

the attachment to the polymer films. The same effect was seen in Figure 7.8, 

where macrophages were differentiated into M1 phenotype after being seeded 

onto the polymer films. This response could be useful for therapeutic 

angiogenesis as the TIPS PLGA 7507 polymer films could reduce a pro-

inflammatory response in vivo and promote angiogenesis through the 

differentiation of M1 into M2 macrophages. Macrophages have been shown to 

spontaneously differentiate into different phenotypes from exposure to 

different conditions, [438, 439] where the exposure to the unique surface 

topography of TIPS-processed surfaces could have provided an environment 

that promoted M2 differentiation. The differentiation of M1 macrophages 

occurs through the inhibition of the Pi3K pathway and subsequent activation 

of the NF-B pathway, that results in nitric oxide expression. [440] Whereas 

M2 macrophages are activated in the presence of TGF- and IL-10, that 

promotes the activation of the Pi3K and thus Akt pathways that causes a 

reduction in LPS activation and subsequent formation of M2 macrophages. 

[441, 442] The inhibition or activation of the Pi3K pathway can also be 

influenced by inflammatory stimuli and growth factors. [443, 444] The increase 

in M2 cells could be from M0 responding to TIPS surfaces and releasing 

factors that activates Pi3K pathway and promotes the formation of M2 

macrophages. 

 

M2 macrophages seeded onto polystyrene films had low levels of VEGF165 

secretion in comparison to TIPS and control PLGA films (Figure 7.7). Rostam 

et al., 2016, studied the impact of surface modification of polystyrene and 

found that polystyrene modified to be hydrophobic promoted differentiation 

into M1 macrophages. [445] The polystyrene films used were tissue culture 

modified and therefore exhibited enhanced cell attachment. This would have 

resulted in an increased pro-inflammatory response and subsequent reduced 

VEGF expression, highlighting the advantage of utilising biodegradable PLGA 

films over polystyrene films.  
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Part I. Chapter 5 revealed that ADMSCs seeded onto 7507 TIPS polymer films 

exhibited pro-angiogenic properties in vitro. To investigate how the 

secretomes from M1 and M2 macrophages effected ADMSC angiogenic 

behaviour, 7507 TIPS, 7507 control, 7502 TIPS, 7502 control and polystyrene 

polymer films were cellularised with ADMSCs, exposed to M1 or M2 

secretomes and VEGF165 concentrations were measured.  

 

The VEGF165 secretion from ADMSCs seeded onto polystyrene films exposed 

to M1 and M2 macrophage secretomes were significantly lower than the TIPS 

and control PLGA polymer films throughout the time points. This effect can be 

attributed to the difference in physical properties between polystyrene and 

PLGA. For example, porosity has been shown to influence macrophage 

behaviour [427-430] and the smooth surface of the polystyrene films in this 

study had a decreased pro-inflammatory immune response (Figure 7.6),  

which in turn resulted in a reduction in the resolution of inflammation through 

the secretion of VEGF165 (Figure 7.7 and 7.9). In addition, the degradability of 

the material influenced the behaviour of macrophages. Polystyrene is a non-

degradable polymer, therefore the immune response would be prolonged in 

comparison to degradable polymers such as PLGA, where the response 

resolved as the material degraded. [446, 447] Polystyrene was also shown to 

be much stiffer than PLGA through AFM measurements (AFM results, Part I. 

Chapter 3). Sadtler et al., 2019, showed that stiffer scaffolds implanted in vivo 

resulted in an decreased expression of M2 marker anti-CD206, suggesting 

that stiffer materials downregulated tissue repair. [448] Therefore the high 

stiffness of polystyrene contributed to the lower activity of M2 macrophages 

and thus highlighting the benefits of using materials with lower stiffness values 

such as PLGA.  

 

Figure 7.9 revealed that there were higher VEGF165 levels secreted from 

ADMSCs exposed to M2 secretomes in comparison to M1 secretomes. When 

exposed to M1 secretomes there were higher levels of VEGF165 secreted from 

ADMSCs seeded onto 7507 TIPS and 7502 TIPS polymer films in comparison 

to smooth control surfaces. This effect could be attributed to the fact that M2 

cells secrete VEGF165 and the VEGF165 measured was a combination of the 
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VEGF165 produces from the M2 cells and ADMSCs. Alternatively, additional 

pro-angiogenic growth factors within the M2 secretome could have stimulated 

VEGF165 secretion from ADMSCs. To investigate this theory the macrophage 

secretomes were investigated further and profiled for angiogenic proteins and 

cytokines. This study investigated the response of macrophages to TIPS 

materials after only 10 days (and the in vivo  studies ended after 21 days), it 

would be interesting to study further the implications of macrophages on 

angiogenesis through the interactions with the TIPS-processed materials, 

especially as the materials degrade and the initial immune response is 

resolved. M1 macrophages are implicated in the early stages of angiogenesis, 

through the secretion of nitric oxide that is known to stimulate angiogenesis, 

where nitric oxide stimulates VEGF production. [32, 449] M2 activated 

macrophages are known to secrete VEGF and TGF-b. VEGF is essential 

throughout the majority of the angiogenic process, whereas TGF- is 

implicated in later phases, through the differentiation of pre-curser cells into 

pericytes that support the newly formed vessels. [450] This suggests that M2 

macrophages could be involved in the mid/late stages of angiogenesis. There 

have been numerous pre-clinical studies that have demonstrated that 

angiogenesis was achieved through the secretion of a variety of factors growth 

factors and cytokines from both M1 and M2 macrophages, from initial capillary 

sprouting to vessel maturation. [451, 452] In addition, it has been proffered by 

Corliss et al., 2016, that as monocytes prefer to migrate through capillaries in 

areas with lower ECM levels (where lower ECM levels occur during the early 

stages of angiogenesis through degradation of the basement membrane) and 

that monocytes differentiate into macrophages, (that in turn secrete ECM 

remodelling proteins), that early-stage differentiated macrophages can also 

support capillary sprouting. [453]  

 

 

As macrophages seeded onto PLGA 7507 TIPS polymer films had shown to 

have superior pro-angiogenic activity, it was decided that the secretomes from 

M1 and M2 macrophages seeded onto 7507 PLGA TIPS films would be 

investigated further using an angiogenic profiler, that screens for 55 different 
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angiogenic-related proteins (Figure 7.10). There were distinct increases in pro-

angiogenic factors between M1 cells seeded onto TIPS polymer films in 

comparison to M1 cells on smooth control films, signifying that the TIPS films 

influenced the secretion of pro-angiogenic proteins. However, the factors 

detected (FGFR2, MIP-1A and MMP9) are secreted by M2 macrophages, 

[454] suggesting that the M1 macrophages had differentiated into M2 

macrophages in response to the TIPS surfaces. In addition, M2 macrophages 

on TIPS polymer films secreted higher levels of multiple pro-angiogenic factors 

such as; ANG, EG-VEGF, Endoglin, IGFB-1/-2/-3, MMP-8, PDGF-AA, PIGF, 

Prolactin, Serpin E1 and uPA compared to M1 macrophages on TIPS polymer 

films and control PLGA surfaces suggesting the M2 macrophages seeded 

onto TIPS films had increased pro-angiogenic behaviour which is promising 

for implantation of the materials to promote angiogenesis.  

 

A human Cytokine Proteome Profiler array was used to measure 36 cytokines 

from the secretomes from M1 and M2 macrophages seeded onto 7507 TIPS 

polymer films and 7507 control polymer films. Figure 7.11 revealed that M1 

macrophages secreted chemokine (C-C Motif) ligand 1 inflammatory cytokine-

309 (CCL1/I-309), complement component 5/5a (C5/C5a), chemokine (C-C 

motif) ligand 2/monocyte chemoattraction protein-1 (CCL2/MCP-1) and 

growth related alpha protein ligand 1 (CXCL1/GROa), that are known 

cytokines secreted by M2 macrophages. [422, 455-457] It was also discovered 

that M1 macrophages secreted IL-4, a factor that induces M2 macrophage 

differentiation. [458] In addition, M1 macrophages secreted G-CSF, that 

promotes M-CSF and also induces M2 macrophage differentiation. [459]  

These finding suggested that the M1 macrophages seeded onto PLGA 

polymer films began to show signs of M2 differentiation and behaviour, 

however there was evidence of the presence of M1 cells due to the detection 

of M1 markers IL-5 and GM-CSP that induces M1 differentiation. [459, 460] 

As these factors were not found in M2 cell samples signifying that once seeded 

onto the PLGA polymer films, M2 cells did not exhibit pro-inflammatory activity. 

STRING analysis [247] revealed that M2 macrophages seeded onto 7507 

TIPS polymer films showed links to blood vessel development, regulation of 

angiogenesis and vascular development (supplementary Figure S7.1), 
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whereas control groups and films seeded with M1 macrophages revealed no 

such links.  

 

These findings suggest that PLGA 7507 TIPS polymer films regulated 

macrophage behaviour away from the pro-inflammatory response and towards 

the promotion of angiogenesis. This is promising for future studies involving 

the implantation of PLGA 7507 TIPS polymer films as a potential therapy for 

PAD. 
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7.5 Summary 

 
This chapter explored the biological mechanism responsible for the pro-

angiogenic effect of TIPS polymer films seen in Chapter 5 and Chapter 6 by 

focussing on macrophage response associated with TIPS polymer films.  

 

Staining of tissue sections from the implantation of 7507 TIPS polymer films 

into the hindlimb ischaemia model revealed evidence of macrophage 

attachment to the materials (Figure 7.1). Identification of M1 and M2 

macrophages was attempted, where M1 macrophages have been shown to 

be pro-inflammatory and M2 macrophages have roles in resolving the immune 

response and angiogenesis. Preliminary results were negative for M1 cells 

and there was some evidence for M2 cells, however further staining was 

required to definitively identify the inflammatory cells present around the TIPS 

film implant.  

 

In vitro experiments revealed an increase in VEGF165 secretion from M2 

macrophages when seeded onto 7507 TIPS polymer films. In addition, there 

was evidence of M1 differentiation into M2 macrophages when exposed to 

TIPS-processed PLGA with links to blood vessel development, regulation of 

angiogenesis and vascular development uncovered through protein profiling.  

 

The results suggested that PLGA TIPS films may increase pro-angiogenic M2 

macrophage activity in comparison to smooth and non-degradable polymers. 

This is promising for the proposed application of TIPS films as an implant to 

treat ischemic disease. 
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7.6 Supplementary Information 

 

Figure S7.1: STRING analysis data identifying the links between the proteins 

secreted from M2 macrophages seeded onto 7507 TIPS polymer films. 

Regulation of angiogenesis (5 genes, 2.4e-14 FD), cellular process (16 

genes), blood vessel development (5 genes, 4.32e-14 FD), vasculature 

development (5 genes, 5.43e-15 FD) and ECM organisation (6 genes, 3.93e-

18) biological processes were highlighted. 
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Part II. Evaluation of TIPS-Processed 

Microparticles 

 

 

1. Introduction 

 

It is commonly recognised that to truly understand a biological process or an 

effect, one should strive to recreate in vivo conditions as closely as possible. 

However, this may not always be feasible, especially in the early stages of 

research. Culturing cells in 2D conditions provides many advantages for 

research purposes, including cost-effective opportunities for reproducibility, 

long-term culture with unrestricted access to oxygen, nutrients and constant 

temperatures. Nonetheless, the simplicity of 2D culture conditions may not 

reflect cells in their natural state. This can result in alterations in cellular 

differentiation and gene expression. [167, 461] Culturing cells in 3D 

environments may overcome the shortcomings associated with 2D cell culture, 

as they are thought to more accurately represent in vivo conditions by 

providing a larger surface area to volume ratio, affecting the spatial orientation 

of cells on the surfaces, which can result in more representative cell-cell 

contacts and allow the formation of cellular niches. 3D culture is a broad term 

that can refer to culturing cells in suspension, in gels or hydrogels and on 

scaffolds such as microparticles or fibres. [461, 462] When culturing cells in 

suspension adherent cells can cluster, often forming spheroids. Necrotic cores 

may form with spheroids, from the innermost cells not receiving enough 

nutrients and oxygen. Therefore, culturing cells on 2D or 3D substrates can 

increase their chance of survival. [462] In this instance, the 3D substrate 

investigated is in the form of microparticles. Despite the difficulty that can occur 

with 3D culture methods due to issues with handling, reproducibility and 

expense, [461] microparticles are an attractive option as they not only provide 
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larger surface area to volume ratios than 2D surfaces, they can be easily 

administered in vivo and have been shown to have superior cell attachment 

and proliferation in comparison to other biomaterials. [463]  For example, Patel 

et al., 2019, discovered that microparticles exhibited superior cell attachment 

and colonisation in comparison to phosphate glass discs for the application in 

bone tissue engineering. [464]  

 

Part II of this thesis explores the manufacture and characterisation of TIPS-

processed microparticles and the subsequent culture of ADMSCs onto the 

surface microparticles. The angiogenic behaviour of cells was explored using 

a pre-clinical model of peripheral artery disease (PAD). 
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Part II. 

Chapter 2: Preparation of TIPS-Processed 

Microparticles 

 

 

2.1 Introduction  

 

The TIPS process has been described in Part I. Section 1.3 and 2D TIPS 

processed polymer films were produced and characterised in Part I. Chapters 

2 and 3. This chapter describes the fabrication of 3D TIPS microparticles and 

reports the physical characterisation of the materials using microscopy 

techniques and roughness measurements.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 202 

2.2 Methods 

 

2.2.1 TIPS Microparticle Preparation 

To produce TIPS microparticles PLGA 7502 (PURASORB PDLG 7502, 75:25 

DL-lactide/glycolide copolymer, inherent viscosity 0.22 dl/g, Corbion 

Biomaterials, Gornchem, Netherlands) and PLGA 7507 (PURASORB PDLG 

7507, 75:25 DL-lactide/glycolide copolymer, inherent viscosity 0.70 dl/g, 

Corbion Biomaterials, Gornchem, Netherlands) 10 wt% polymer solutions 

were prepared as described in Part I. Section 2.2.1.    

 

The polymer solution was fed into a Var D Nisco encapsulation unit (Nisco 

Engineering, Zurich, Switzerland) and ejected through a sapphire tipped 

nozzle with a 150 m orifice using a syringe pump (Pump 11, Harvard 

Apparatus, UK) at a flow rate of 3 mL/min. The polymer droplets were dropped 

from 80 cm and collected into 250 mL liquid nitrogen in a 1000 mL 

polypropylene straight-sided beaker (10349324, Fisher Scientific, UK) to 

thermally induce phase separation. In order to ensure the residual DMC did 

not exceed its melt temperature (2-4oC) and dissolve the polymer 

microparticles, the samples were then transferred into a 50 mL Falcon tube 

(352070, BD Biosciences, USA) and placed into a -80oC freezer. The materials 

were lyophilised (Edwards Freeze-dryer, EF03, Edwards, West Sussex, UK) 

for 18 hours to allow the sublimation of residual DMC from within the material. 

This procedure removed the solvent and formed the unique hierarchical and 

porous structure the TIPS materials. Microparticles were sieved to a size 

range of 250 – 355 m using Endecotts brass sieves (200.BIW.250 and 

200bBOW.255, Fisher Scientific, UK).  

 

Solid microparticles composed of PLGA 7502 (PURASORB PDLG 7502, 

75:25 DL-lactide/glycolide copolymer, inherent viscosity 0.22 dl/g, Corbion 

Biomaterials, Gornchem, Netherlands) and PLGA 7507 (PURASORB PDLG 

7507, 75:25 DL-lactide/glycolide copolymer, inherent viscosity 0.70 dl/g, 

Corbion Biomaterials, Gornchem, Netherlands) and polystyrene of an identical 
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size range (250 – 355 m) were prepared by Phosphorex, (PS300K, 

Phosphorex, USA). 

 

2.2.2 Ultrastructural Imaging of Microparticles Using Scanning Electron 

Microscopy 

The surface topographies of the PLGA 7507 TIPS, PLGA 7502 TIPS, PLGA 

7507 control and polystyrene control microparticles were visualised under a 

scanning electron microscope (SEM). The full methodology was described in 

Part I. Section 3.2.4. 

 

2.2.3 Internal Structure Imaging of TIPS Microparticles using Focused 

Ion Beam Scanning Electron Microscopy 

To assess the internal structure of TIPS microparticles a Carl Zeiss XB1540 

cross beam focused ion beam microscope (FIB) was used. FIB used a 

charged focused ion beam which was able to mill samples in order to visualise 

beyond the surface. [465] This occurs through ions that are created from a 

liquid metal source from within the instrument, which are accelerated down an 

ion column at high voltage under vacuum onto the surface of the material. 

[466] 7507 TIPS microparticles were mounted onto aluminium stubs via 

carbon tabs and allowed to completely dry. Prior to imaging each sample was 

sputter coated with gold/palladium alloy in an argon atmosphere to prevent 

charging of the specimen that can affect the image quality. Samples were 

imaged under vacuum with SEM before milling to locate the area of interest. 

SEM was used to monitor the milling and take images afterwards. The focused 

ion beam was used to mill a 3 m x 3 m x 3 m area into the microparticles.  

 

2.2.4 Internal Structure Analysis using X-ray Nano Computed 

Tomography 

Nano Computed Tomography (NanoCT) was used to analyse the internal 

structure of TIPS microparticles composed of PLGA 7502 and 7507. Zeiss 800 

Ultra Xradia nanoCT-S100 system was used to visualise the internal structure 

of a 60 m segment (maximum area) of the microparticles at a resolution of 

50 nm. Single microparticles were mounted onto needles, using epoxy 
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adhesive (14260, Devcon, Ireland) and placed onto the stage within the X-ray 

nanoCT. 160 projections were taken of each microparticle with exposure set 

to 10 and bin at 2.  Images were produced from x-ray beams generated by a 

rotating copper anode at 8 keV. It was able to penetrate into the material, 

passing through the sample and was detected, resulting in a phase contrast 

images that were stacked to create 3D reconstructions. 

 

2.2.5 TIPS Microparticle Analysis Using Morphologi G3 

Morphologi G3 particle characteriser (Malvern, UK) was used to characterise 

the size and circularity of PLGA 7507 and 7502 TIPS microparticles, PLGA 

7507 control microparticles and polystyrene microparticles. The samples were 

loaded into the dispersion chamber and were scattered onto a clean glass 

slide. The slide was positioned under a microscope, where the entire sample 

was visualised, and an image was taken. From this, parameters were set 

including size and circularity filters, and the Morphologi G3 software analysed 

the microparticles. A size filter of 250 – 400 µm was applied as the 

microparticles had been pre-sieved to a size range of 250 – 355 m, therefore 

anything detected by the instrument outside of this range would be either 

fragments, microparticles touching or other artefacts/noise. For these reasons, 

a circularity filter of >0.95 was also applied, with a filter of 1 representing a 

perfect sphere. As the goal was to determine the average size of the 

microparticles it was important to exclude artefacts that would have disrupted 

the true average measurements. The software counted all of the 

microparticles analysed as well as imaged each individual microparticle, that 

also allowed for additional manual filtering and assessment. 

 

2.2.6 In Vitro Degradation Analysis of TIPS Microparticles 

An in vitro degradation study was conducted by aliquoting 30 mg of 

microparticles into pre-weighed glass vials. The rubber stoppers on the vials 

were loosened and the samples placed in a in a desiccator to provide a dry 

environment until a constant mass was measured indicating residual moisture 

had been removed. Phosphate buffer solution pH 7.4 (1294-0724, VWR) was 

added to each vial containing microparticles to produce a final ratio of volume 
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of the buffer solution of 10 mL:30 mg of microparticles. The vials were placed 

onto a tube roller and placed inside a dry incubator at 37°C at constant 

rotation. To determine mass loss, filter paper (Grade 303; 150 mm, VWR) was 

dried to achieve a constant mass using a desiccator containing silica gel beads 

under vacuum at room temperature. After 3 weeks, the PBS was removed 

from the first five samples and stored in separate sterile 50 mL Falcon tubes 

(352070, BD Biosciences, USA). The pH was measured (after calibration of 

the pH meter using pH 4 and 7 buffers). The vials containing the microparticles 

were rinsed twice with 10 mL analytical grade water (7732-18-5, Fisher 

Scientific, UK). The wash water was passed through the filter paper to retain 

any degradation products within the water. The total contents of each vial were 

added to individual filter papers. The degraded sample and filter paper were 

dried in a desiccator containing silica gel beads at room temperature to remove 

residual water before the mass of each sample was measured using an 

analytical balance. Samples were weighed to constant mass. The process was 

repeated with samples collected at 6, 12, 18, 24 and 30 weeks. 

 

2.2.7 Statistical Analysis 

The data was input into GraphPad Prism 8 software (GraphPad Software, 

USA) for analysis and presented as mean values with error bars depicting the 

standard deviation. To analyse two or more groups with one variable, ordinary 

one-way ANOVA tests were used. For two or more groups with two or more 

variables a Two-way ANOVA was used with Geisser-Greenhouse correction 

applied.  For comparison between two groups the data were first tested for 

normality through a Kolmogorov-Smirnov test. If normally distributed, a 

parametric unpaired Welch Student t-test was performed. If not normally 

distributed, a nonparametric Wilcoxon Student t-test was performed. P values 

of <0.05 indicated statistical significance and were shown as *, with P<0.01 = 

**, P<0.001 = *** and P<0.0001 = ****. 
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2.3 Results 

 

2.3.1 Ultrastructural Imaging of Microparticles Using Scanning Electron 

Microscopy 

 

SEM was used to visualise the topography and structure of the PLGA 7507 

TIPS, PLGA 7502 TIPS, PLGA 7507 control and polystyrene microparticles. 

Images were taken at a range of magnifications (x50-x3000). Imaging 

revealed that PLGA microparticles produced using the TIPS process had very 

porous and rough surfaces, in contrast to the PLGA control and polystyrene 

microparticles which had smooth, non-porous surfaces. SEM images (Figure 

2.1) showed the 7507 TIPS and 7502 TIPS microparticles were similar in size 

to each other and within a size range of 250 – 355 m and included a single 

large radial pore on the surface of the microparticles (Figure 2.7). High 

magnification imaging has revealed that PLGA 7502 TIPS microparticles have 

larger pore sizes compared to PLGA 7507 TIPS microparticles.  The size of 

the microparticles were measured using a Morphologi G3 particle analyser. 
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Figure 2.1: SEM images of PLGA 7507 TIPS microparticles and PLGA 7502 TIPS 
microparticles.    
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Results in Table 2.1 display that PLGA 7507 TIPS microparticles were found 

to have a mean diameter of 376 microns and PLGA 7502 TIPS microparticles 

had a mean diameter of 299 microns.  

 

2.3.2 Degradation of 7507 TIPS Microparticles 

 

As the PLGA 7507 TIPS microparticles began to degrade, they showed a loss 

in circularity (Figure 2.2), and surface porosity and roughness. This change in 

morphology was most drastic between days 0 to 1. As with the polystyrene 

films, polystyrene microparticles showed no signs of degradation. The PLGA 

7507 control microparticles showed little evidence of degradation, with some 

subtle changes in circularity seen. 

 

The in vitro degradation of 7507 TIPS microparticles was evaluated further 

over 30 weeks with pH and mass loss measured at weeks 3, 6, 12, 18, 24 and 

30 (n=5). Samples were prepared as outlined in section 3.2.11. The pH of the 

supernatant was measured and shown in Figure 2.4, where it can be seen that 

  

Number of 

Microparticles 

 

Mean 

Diameter (m) 

 

Circularity 

 

PLGA 7507 TIPS 

 

 

223 

 

367.1 34 
 

> 0.95 

 

PLGA 7502 TIPS 

 

 

604 

 

298.5 32 
 

> 0.95 

 

PLGA 7507 Control 

 

 

147 

 

306.5 32 
 

> 0.8 

 

Poly- styrene 

 

 

562 

 

306.2 30 
 

> 0.8 

Table 2.1: Morphologi G3 results of PLGA 7507 TIPS microparticles, PLGA 7502 TIPS 

microparticles, PLGA 7507 control microparticles and polystyrene control microparticles. 
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pH significantly decreased over time from 6.91 0.06 after 3 weeks to 2.82 

0.38 at 30 weeks. There was no further change in pH between 24 and 30 

weeks. Figure 2.5 shows the mass loss as the microparticles degrade. After 3 

weeks 15.5% of the starting mass of the material was lost, with only 12.8% of 

the original mass remaining after 30 weeks.  
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Figure 2.2: SEM images of PLGA 7507 TIPS microparticles, PLGA 7507 control 

microparticles and polystyrene control microparticles at day 1, 4, 7 and 10. 
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Figure 2.4: a) pH measurements of PLGA 7507 TIPS microparticles. (n=5)  pH at week 

was 3 statistically higher than week 24 (P<0.0001 = ****) 
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Figure 2.5: b) degradation of PLGA 7507 TIPS microparticles as weight percentage loss 

(n=5). Weight loss at week 6 was statistically lower (P<0.01 = **) at week 6 from week 3 and 

at week 30 lower than week 3 (P<0.0001 = ****) 
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2.3.3 Investigating the Internal Structure of TIPS Microparticles 

 

The internal structure of PLGA 7507 and 7502 TIPS microparticles were 

studied using X-ray NanoCT techniques. Reconstructed images (Figure 2.6) 

reveal that TIPS processed polymers had interconnected porous networks 

beyond the surfaces of the samples. 

 

FIB was able to capture images beyond the surface of the materials by milling 

3 µm deep into the microparticle. Images reveal that 7507 TIPS processed 

microparticles were porous beyond the surface, with micro and nano pores 

visible. In addition, high-magnification microscopy showed the large radiating 

surface pore typically associated with the TIPS manufacturing process. The 

large surface pore opened into a cavity within the microparticles. Radial 

channels were visible throughout the internal structure of the microparticles. 

(Figure 2.7)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: NanoCT images a) z-stack of PLGA 7507 TIPS 

microparticle b) z-stack of PLGA 7502 TIPS microparticle  

a b 
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Figure 2.7: FIB-SEM images of PLGA 7507 TIPS microparticles a) 3µm mill into 

the radial pore of the microparticle b-f) internal structure of microparticles. 
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2.4 Discussion 

 

This chapter explored the production and characterisation of TIPS PLGA 

microparticles. Microscopy techniques were used to visualise the structure of 

the TIPS microparticles and the subsequent degradation rate of the materials 

were investigated. SEM revealed that PLGA microparticles manufactured 

through TIPS processing had produced structures with highly rough and 

porous surfaces (Figure 2.1). These findings were similar to those in Part I. 

Section 2.3.1 where the surface topographies of TIPS-processed polymer 

films were produced and characterised. This highlights that the TIPS 

technique can be used to produce a range of biomaterial structures. This is 

beneficial as the manufacture of materials can be tuned to the optimal size for 

the desired application. 

 

The degradation of PLGA 7507 TIPS microparticles were investigated through 

SEM, mass loss and pH changes. SEM imaging (Figure 2.2) revealed that the 

7507 TIPS microparticles began to degrade at early time points as did the 

PLGA 7507 TIPS polymer films. The TIPS 7507 TIPS microparticles degraded 

at a much faster rate than control PLGA and polystyrene microparticles that 

showed little sign of degradation after 10 days. The difference in porosity 

between the TIPS microparticles and control microparticles was a driving 

factor in the degradation rate. Porosity provided a larger surface area to 

volume ratio for the contact of H2O on the surface of the material, which broke 

down the polymer chains through hydrolysis of the ester bonds resulting in 

faster degradation rates. [105, 122, 204] The degradation of a biomaterial is a 

beneficial property as it negates the need for removal surgeries and eliminates 

the risk of a prolonged immune response. The advantage of PLGA is that its 

degradation products are lactic acid and glycolic acid, which are metabolised 

naturally by the body. [105, 467, 468] In addition, the TIPS process can be 

tuned to allow the polymer to degrade in time to the healing process and new 

tissue formation. [469, 470] 
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The internal structure of TIPS microparticles were investigated using FIB. FIB  

revealed that the microparticles were porous beyond their surfaces. High 

magnification images (Figure 2.7) showed pores on the nanoscale, indicating 

a hierarchical structure of the microparticles, with evidence of nano-size 

features (Figures 2.7d and 2.7e) within the structure.  The internal structure of 

the TIPS microparticles was further assessed using NanoCT. NanoCT has 

been developed from established computed topography techniques, most 

commonly used for medical imaging that can image with spatial resolutions in 

the millimetre range. From this, microCT was developed that can produce 

images with a spatial resolution in the micron range, and then nanoCT was 

developed that has resolution in the nano range. Computed topography is 

primarily used as a non-destructive internal imaging technique. [471] In 

comparison to FIB, NanoCT was non-destructive and did not require drying of 

the sample, coating or placement under vacuum. [472] The 3D reconstructions 

of the TIPS microparticles revealed an internal interconnected highly porous 

network suggesting that the TIPS microparticles would remain porous as they 

degraded. This allows for cell and tissue ingrowth and importantly transfer of 

nutrients and waste products. The difference between 7502 TIPS microparticle 

and 7507 TIPS microparticle nanoCT reconstructions (Figure 2.6) were 

because of the larger pores seen with 7502 TIPS microparticles (Figure 2.1). 

The difference in pore size is due to the higher inherent viscosity of PLGA 

7507 compared to PLGA 7502 as, during TIPS processing phase separation 

is slowed through decreased motility of the molecules within the polymer 

resulting in smaller pore size. [473] Pore size influences cell attachment, cell 

proliferation and tissue ingrowth. With larger pores hindering cell migration and 

proliferation and smaller pores hindering nutrient diffusion, [474, 475] 

suggesting that the 7507 TIPS microparticles would improve the response of 

cells in comparison to 7502 TIPS microparticles.  
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2.5 Summary 

 

The TIPS process was utilised to produce PLGA microparticles with rough 

surface topographies and interconnected porous structures. The 7507 TIPS 

microparticles were shown to degrade steadily over time and at a faster rate 

than 7507 PLGA and polystyrene control microparticles, due to their increased 

porosity. To investigate the effect of the TIPS structure on cellular behaviour, 

the TIPS microparticles were studied further for their effect on ADMSC 

attachment, proliferation and angiogenic behaviour in comparison to smooth 

controls, with a view to explore how surface topography and porosity can 

influence cell behaviours.  
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Part II. 

Chapter 3 Biological Characterisation of TIPS 

Microparticles 

 

 

3.1 Introduction 

 

A major limitation of cell therapy is the delivery and retention of viable cells at 

the implant site. [5, 74, 89-91] To overcome this, cells can be seeded onto a 

scaffold before delivery in vivo with a view to improve cell retention. Before 

this, the behaviour of the cells on the materials must be established. This 

chapter explored the attachment of ADMSCs on TIPS microparticles, that 

were chosen due to their pro-angiogenic behaviour. [76-79, 240] The 

angiogenic response of the ADMSCs to the unique structure of the TIPS-

processed materials were also investigated.  

 

 

 

 

 

 



 216 

3.2 Methods 

 

3.2.1 Adipose Derived Mesenchymal Stem Cell Culture 

ADMSCs culture protocol and media preparation was carried out as described 

in Part I. Section 4.2.1. 

 

3.2.2 Verifying the Plasticity of Adipose Derived Mesenchymal Stem     

Cells 

To assess if the cells used during the project retained their plasticity after 

passaging, cell differentiation towards adipogenic, osteogenic and 

chondrogenic phenotype was performed. To detect osteogenic cells, Alizarin 

Red was used. Alizarin red stains extracellular calcium deposits by binding to 

calcium in a chelation process that precipitates and stains red. Stained 

osteocytes were imaged using light microscopy. LipidTOX was used to identify 

adipocytes as the stain has a high affinity phospholipidosis within cells and 

fluoresces green (emission 505 nm).  DAPI was used as a nuclear and 

chromosome counterstain for the adipogenic cells. [476] Alician blue was used 

to detect cells differentiated towards chondrocytic lineages as it stains acidic 

glycosaminoglycans in cartilage. [477]   

 

3.2.3 Attaching Cells onto TIPS Microparticles 

Before use, TIPS microparticles were prepared for cell attachment. 7 mL 100% 

absolute ethanol was added to 3 mL sterile deionised water. 1 mL of the 70% 

absolute ethanol (E10600/05, Fisher Scientific, UK) was added to 4 mL 

MesenPro RSTM reduced serum medium. Using a spoon-ended spatula (micro 

185/7 mm, 2310470, VWR, UK), two scoops of microparticles were added to 

a glass vial. 1 mL of the ethanol/media solution was added gently to the glass 

vial. The vial was sealed with a rubber stopper and wrapped in Parafilm 

(BRND701611, VWR, UK). The vial was vortexed (Vortex Genie 2) for 10-15 

seconds and centrifuged at 3,000 rpm for 5 minutes. The samples were 

incubated in a hybridisation oven for 24 hours at 37oC at constant rotation. The 

wetting media was removed and microparticles were washed in 1 mL 1X PBS.  
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Approximately 10 mg of the wetted TIPS microparticles were transferred to a 

96 well flat bottomed ultra-low attachment plate (CLS3474, Corning, UK) in 50 

μL complete MesenPro RSTM media. The plate was incubated for 12 hours 

using a microplate shaker (SciQuip Microplate mixer) that shook the 

microplate for 10 seconds every hour at low speed (approximately 100 rpm) 

at 37oC 5% CO2. The cell attachment and proliferation were monitored via light 

microscopy. The culture medium was removed, and the samples washed 

twice with 1X PBS to remove any unattached cells and residual culture media.  

3.2.3.1 Attaching Cells to  TIPS Microparticles Using the Hanging Drop 

Method 

Perfecta3D 96-well Hanging drop plates (HDP1096-8, 3D Biomatrix, USA) 

were used to attach cells to individual microparticles. The hanging drop plates 

were disassembled and both reservoirs of the bottom plate were filled with 1 

mL sterilised deionised water and the reservoirs of the middle plate were filled 

with 2 mL sterilised deionised water to create a humidified atmosphere. The 

plates were reassembled and single hydrophilised 7502 PLGA TIPS, 7507 

PLGA TIPS, 7507 PLGA control and polystyrene microparticles in 35 L 

prewarmed MesenPro RSTM reduced serum were pipetted into each well at 

a 45-degree angle to produce a hanging droplet. 10 L of 5 x 104 cells/mL 

cell suspension were added to each well. If hanging drops had not formed, a 

sterile 200 L pipette tip was gently pushed through the well at a 90o angle, 

ensuring not to completely push through the droplet. Plates were incubated at 

37oC/5% CO2 for 24 hours. 

 

To collect the supernatants from hanging drop plates, 40 L of media from 

each well was pipetted up by pressing a sterile 200 L pipette tip against the 

wall of the well at a 45o angle, to avoid pipetting up the microparticle and 

disrupting the cells on the microparticle. This was carried out at days 1, 4, 7 

and 10. The supernatants were frozen for further evaluation and replaced with 

45 L fresh pre-warmed complete MesenPro RSTM medium. Cellularised 

microparticles were harvested from hanging drop plates by placing the middle 

well of the plate on top of a sterile ultra-low attachment 96 well plate (CC229, 
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Appleton Woods, UK). Using a multichannel pipette (P200 Pipetman, Glison, 

UK), 100 L of 1X PBS (P5493-1L, Sigma, UK) was pipetted into each well of 

the hanging drop plate to push through the microparticles into the wells of the 

96 well plate, resulting in one microparticle per well.  

 

3.2.4 Quantifying Cells Attached to Microparticles and Polymer Films 

3.2.4.1 Cell Counting with a Haemocytometer 
 

Hanging drops with one PLGA 7507 TIPS microparticle or PLGA 7502 TIPS 

microparticle were seeded with 1000, 500, 250, 125 ADMSCs per well in 45 

L complete MesenPro RSTM media. Plates were incubated for 24 hours at 

37oC/5% CO2. Hanging drops were retrieved in 96 well plate and gently 

washed with 100 L 1X PBS (P5493-1L, Sigma, UK). The 1X PBS was 

discarded and 50 L 0.25% sterile filtered 1X Trypsin-EDTA solution (pH 7.0 

-7.6, T4049, Sigma, UK) was added. Plates were incubated at 37oC and 5% 

CO2 for 5 minutes. 100 L of complete MesenPro RSTM media was added to 

each well to neutralise the trypsin. The media from each well was placed into 

a haemocytometer for counting. 

 

3.2.4.2 Measuring Cell Proliferation with CyQUANT NF Cell Proliferation 

Assay 
 

CyQUANT NF assay (C35006, Molecular Probes, UK) procedure for adherent 

cells was followed. The dye was prepared by first diluting the provided x5 

HBSS stock buffer to x1 HBSS buffer with deionised water in accordance with 

the manufacturer’s instructions. 22 μL of CyQUANT NF dye reagent (protected 

from light) was added to 10 mL x1 HBSS buffer.  

A standard curve was produced for experiments using cells in hanging drop 

plates to calculate cell numbers from fluorescence from unknown samples. In 

a sterile, 96 well hanging drop plate, serial dilutions of ADMSCs from 2000 

cells/well to 8 in 45 μL of complete MesenPro RSTM medium were seeded into 

each well in triplicate. The plates were incubated at 37oC/5% CO2 for 24 hours 

to allow cell spheroid development. 35 μL of the culture medium was removed 

and the samples were gently washed twice with 35 μL of 1X PBS (P5493-1L, 
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Sigma, UK). 35μl of the prepared CyQUANT NF dye solution was added to 

each well and the plate was incubated for 1 hour. From each sample 45 μL of 

supernatant was transferred to a Corning 96 well black wall with a clear flat 

bottom tissue culture plate in triplicate (CLS3603, Sigma-aldrich, UK) (n=5). 

The fluorescence intensity was measured using a fluorescence microplate 

reader (TECAN SPECTRAFLUOR Fluorescence and Absorbance microplate 

reader, BETAFTC program, Tecan, Switzerland) at 485 nm excitation and 530 

nm emission detection. The same procedure for the standard curve was 

followed to calculate cell number attached to each microparticle.  

3.2.4.3 Measuring Cell Proliferation with PrestoBlue Cell Viability Reagent 

PrestoBlue Cell viability reagent (A13261, Molecular Probes, UK) had to 

first be optimised before used to calculate cell numbers attached to 

microparticles. An optimisation experiment was carried out to determine the 

most appropriate detection method and incubation time. Absorbance at 570 

nm excitation and 620 emission was compared to fluorescence at 535 nm 

excitation and 612 nm emission.  ADMSCs (8000 to 16 cells/well) were 

seeded into hanging drop plates in 45 L of complete MesenPro RSTM 

media and incubated at 37
o
C/5% CO2 for 24 hours. 4.5 L of PrestoBlue 

was added directly to each well of the hanging drop plate. Samples were 

measured for absorbance and fluorescence at 0.1, 0.5, 1, 2, 4, 5, 21 and 24 

hours.  

 

To calculate cell numbers on cellularised microparticles 4.5 L PrestoBlue 

reagent was added directly into each well and incubated for 21 hours at 37oC 

5% CO2 avoiding exposure to direct light. Samples were transferred into a 

black wall/clear flat bottom 96 well tissue culture plate and read using a 

fluorescence microplate reader at  530 nm excitation and  612 nm emission 

detection. (n=8) 

 

3.2.4.4 Measuring Cell Proliferation with CellTox Green  

CellTox green cytotoxicity assay (G8741, Promega, UK) was used to measure 

numbers of cells attached to microparticles. The assay dye enters dead cells 
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through compromised cell membranes and binds to the DNA. A lysis solution 

was added to the samples, to induce death and allow for detection through 

fluorescence. [478] To produce a standard curve ADMSCs were harvested 

and resuspended in 1 mL fresh medium and counted using 0.4% trypan blue 

(11538886, Fisher Scientific, UK) and haemocytometer. Cell concentrations 

were adjusted to 200,000 viable cells/mL in at least 4 mL fresh medium. The 

cell suspensions were divided equally in half. To the first tube, 80 L lysis 

solution for every 2 mL suspension was added to create a cytotoxicity control. 

To the other cell suspension, 80 L fresh media was added for every 2 mL  

suspension. To a black well plate 100 L of fresh MesenPro RSTM media was 

added to each well. 100 L of the cytotoxicity control was added to the first 4 

wells of column 1 in the plate. Serial dilutions were created along the plate. 

With the last 4 wells of column 1, the same process was repeated with the 

viable cell suspension. To all wells 100 L of CellTOX green 2x reagent was 

added. The plate was mixed for 30 seconds by orbital shaking 500-700 rpm 

and incubated for 15 minutes at room temperature. Fluorescence at excitation 

485 nm and emission 535 nm was measured.  

 

Hanging drops with one 7507 microparticle were seeded with 500 ADMSCs 

per well in 45 L complete MesenPro RSTM media. Plates were incubated for 

24 hours at 37oC/5% CO2. Hanging drops were retrieved in 96 well plate and 

gently washed with 100 L 1X PBS. A lysis solution was created by combining 

8 L lysis stock to 200 L MesenPro RSTM media. 20 L of the lysis solution 

was added to each well and incubated for 30 minutes at 37oC/5% CO2. 

CellTOX green solution was created by adding 10 L CellTOX green stock to 

5 mL MesenPro RSTM media. 20 L of the solution was added to each well, 

incubated for 15 minutes at 37oC and 5% CO2 while being protected from the 

light. Plates were read with a plate reader at 490/535 nm. 

 

3.2.5 Staining Cell Nuclei with DAPI 

To stain the nuclei of cellularised microparticles 20-40 μL of cellularised 

microparticles in suspension were pipetted onto a glass microscope slide. The 
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residual cell culture medium removed, leaving only the microparticles. Two 

drops of DAPI mountant medium (VECTASHEILD Antifade mounting medium, 

H-1200, Vector Laboratories, UK) was added and the sample was covered 

with a glass cover slip. The slides were imaged using a Lecica Microsystems 

fluorescence microscope. 

3.2.6 Staining Cell Cytoskeleton with Alexa Fluor 488 Phalloidin 

To visualise ADMSC attachment to 7507 TIPS microparticles, ADMSCs were 

seeded onto 7507 TIPS microparticles in hanging drops and retrieved as 

described in section 3.2.14. The cellularised microparticles were gently 

washed twice with 100 µL prewarmed 1X PBS (P5493-1L, Sigma, UK). The 

samples were fixed in 100 µL 2.5% formaldehyde (HT501128, Sigma-Aldrich, 

UK) for 10 minutes at room temperature. The samples were washed in 

prewarmed 1X PBS twice and incubated in 0.1% Triton X-100 (T8787, Sigma, 

UK) in 1X PBS for 5 minutes at room temperature. The samples were washed 

in prewarmed 1X PBS twice and incubated in 250 µL 1% BSA (>96%, 05482, 

Sigma, UK) in 1X PBS for 30 minutes at room temperature. Alexa Fluor 488 

phalloidin stain (A1239, ThermoFisher, UK) was diluted at a ratio of 1:4 in 1X 

PBS. The stain was added to each sample and incubated at room temperature 

for 20 minutes whilst protected from light. Samples were washed twice with 

1X PBS and transferred to microscope slides, counterstained and mounted 

with 4’, 6-diamidino-2-phenylindole (DAPI) mountant (VECTASHEILD 

Antifade mounting medium, H-1200, Vector Laboratories, UK). Images were 

taken with an SPE1 fluorescence microscope under 495 nm excitation and 

518 nm emission.  

 

3.2.7 Statistical Analysis 

Statistical Analysis methodology was described in Chapter 2 Section 2.2.7. 
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3.3 Results 

 

3.3.1  Verifying  the  Plasticity  of  Adipose  Derived  Mesenchymal 

Stem Cells 

 

To assess if the cells used during the project retained their plasticity after 

passaging and cell culture, cell differentiation towards adipogenic, osteogenic 

and chondrogenic phenotype was performed. Staining and imaging revealed 

that the cells seeded in monolayers were capable of differentiation into all 

three linages, although some cells remained undifferentiated in the adipogenic 

and osteogenic cultured (Figures 3.1a-d). To ensure consistency only cells 

between passages 3 and 6 were used in all experiments. In addition, ADMSCs 

seeded onto 7507 TIPS microparticles were allowed to migrate off the 

microparticles, and were differentiated into adipogenic, osteogenic and 

chondrogenic phenotypes to assess if attachment to the TIPS microparticles 

affected ADMSC plasticity. Figures 3.1 (e - g) showed that ADMSCs 

successfully differentiated into adipogenic and osteogenic lineages, but 

differentiation into chondrogenic phenotype was unsuccessful.  

 

3.3.2 Imaging Cellularised Microparticles  

 

ADMSCs seeded onto microparticles were imaged under light microscopy and 

stained with DAPI that binds to A-T bases in live cells. Images revealed that 

microparticles clustered together as cells attached to microparticles had 

bridged together, indicated by arrows in Figure 3.2. 

 

3.3.3 Imaging Microparticles Cellularised in Hanging Drop Plates 

 

Cell attachment to TIPS microspheres was visualised using light and 

fluorescence microscopy. Light microscopy images of ADMSCs attached to 

7507 TIPS polymers in hanging drop plates showed that cells after 1 day had 

successfully adhered and covered the TIPS microparticle and that proliferation 

continued to day 10 with outgrowth visible. Figure 3.3 revealed that ADMSCs 
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Figure 3.1: a) undifferentiated ADMSCs b) fluorescent image of LipidTOX green staining for 

adipogenic differentiation of ADMSCs c) optical image of alcian blue staining for chondrogenic 

differentiation of ADMSCs d) optical image of alizarin red staining for osteogenic differentiation 

of ADMSCs e) fluorescent image of LipidTOX green staining for adipogenic differentiation of 

ADMSCs from 7507 TIPS microparticles f) optical image of alcian blue staining for 

chondrogenic differentiation of ADMSCs from 7507 TIPS microparticles g) optical image of 

alizarin red staining for osteogenic differentiation of ADMSCs from 7507 TIPS microparticles. 

   

a     b     dc

e f g 

Figure 3.2: a-c) Light microscopy images of 7507 TIPS microparticles seeded with 

ADMSCs d-e) Fluorescent images of DAPI stained ADMSCs seeded onto 7507   TIPS 

microparticles.   

a) b)  c)   

d)    e)   
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successfully attached to polystyrene microparticles with some proliferation 

seen at day 10. At day 1 cells had less successfully attached to control PLGA 

7507 microparticles, with clusters of cells visible. After 4 days the ADMSCs 

had appeared to spread more evenly around the smooth microparticle but less 

cell proliferation was seen in comparison to 7507 TIPS microparticles.  

 

Alexa Fluor 488 phalloidin was used to stain the actin cytoskeleton of ADMSCs 

and DAPI was used as a nucleic counterstain. Figure 3.4 displays fluorescent 

images of individual microparticles with higher numbers of ADMSCs seen on 

TIPS 7507 microparticles in comparison to control PLGA microparticles. 

Figure 3.4d shows a high density of ADMSCs surrounding 7507 TIPS 

microparticles 4 days after seeding.  
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Figure 3.3: Optical imaging of ADMSCs seeded onto 7507 TIPS microparticles, 7507 control 

microparticles and polystyrene control microparticles at days 1, 4, 7 and 10.     
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3.3.4 Determining Cell Number and Measuring Cellular Proliferation  

3.3.4.1 Measuring Cell Proliferation with CyQUANT NF Cell Proliferation  

Assay 

 

When first utilising hanging drop plates to cellularise microparticles CyQUANT 

NF was used to determine the number of cells attached to 7507 and 7502 

TIPS microparticles. ADMSCs were seeded from 1000 to 8 cells/well using 

serial dilutions. The CyQUANT NF optimisation experiments (Figure 3.5) 

revealed no significant difference between microparticles seeded with 1000 or 

500 cells. There was a significantly higher fluorescence expression for 500 

cells seeded onto PLGA 7507 TIPS microspheres in comparison to PLGA 

7502 microspheres and cells only.  

 

 

 

Figure 3.4: Alexa Fluor 488 phalloidin and DAPI fluorescent images of ADMSCs seeded 

onto microparticles in hanging drops. a-b) Cellularised 7507 TIPS microparticles at day 

1 c) Cellularised 7507 control microparticles at day 1 d) Cellularised 7507 TIPS 

microparticles at day 4.   

a b 

c d 
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3.3.4.2 Measuring Cell Proliferation with CellTox Green 

 

CellTox Green dye binds to the DNA of lysed cells. With the use of a lysis 

buffer, cell concentration was determined. Figure 3.6 shows that there were 

lower cell numbers detected on 7507 TIPS microparticles in comparison to cell 

only groups at 2000 and 1000 cells. However, below 500 cells, cell 

concentrations were not significantly different, therefore low cell numbers 

could not be distinguished and this assay was not used in further studies.  

 

3.3.4.3 Measuring Cell Proliferation with PrestoBlue Viability Reagent 

PrestoBlue was first optimised by adding the viability reagent to serial 

dilutions of ADMSCs from 2000 to 8 cells/well within a hanging drop plate. 

The plates were read for fluorescence (n=3) and absorbance (n=5) after 0.1, 

0.5, 1, 1.5, 2, 3, 4, 5, 6, 18 and 24 hours. Results (Figure 3.7) revealed that 

Figure 3.5: Quantification of ADMSCs seeded at concentrations of 1000-8 cells/microparticle 

onto 7507 TIPS and 7502 TIPS microparticles in hanging drop plates compared to cell only 

controls calculated using CyQUANT NF cell proliferation assay. (n=5) Two-way ANOVA with 

Geisser-Greenhouse correction = ** (P=0.0024)  
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an incubation time of 24 hours had the strongest fluorescent readings and 

significantly significant results and was therefore determined to be the 

optimal incubation time.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

Figure 3.6: ADMSCs seeded at concentrations of 2000-31 cells/microparticle onto 7507 TIPS 

microparticles in hanging drop plates compared to cell only controls quantified with CellTox 

Green. (n=3) Two-way ANOVA with Geisser-Greenhouse correction = **** (P<0.0001) 
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PrestoBlue was able to detect considerably lower cell numbers compared to 

CyQUANT NF and CellTox Green assays when cells were seeded onto TIPS 

microparticles. PrestoBlue was able to show significant difference of 

detection between 125 and 62 cells seeded onto 7507 TIPS microparticles.  In 

addition, Figure 3.8 revealed that 7507 TIPS microparticles had higher cell 

numbers in comparison to 7502 TIPS microparticles and polystyrene 

microparticles (up to 500 cells/well), suggesting that the 7507 TIPS 

microparticles facilitated cell attachment. Similarly, to measurements with the 

CyQUANT NF assay, there was no significant difference in detection between  

1000 and 500 cells/microparticle, suggesting that 500 cells had saturated the 

microparticles inhibiting further attachment. As PrestoBlue was found to be 

a more sensitive assay, it was selected to determine cell proliferation over 10 

days. 

 

Figure 3.9 shows that cells seeded onto 7507 TIPS microparticles had higher 

attachment (571 ±204 cells/microparticle) compared to PLGA and polystyrene 

control microparticles (178 ±46 cells/well and 302 ±81 cells/well). The 

b) 

Figure 3.7: PrestoBlue cell viability assay optimisation experiments a) absorbance 

readings b) fluorescence (n=3) Where * = P<0.05, ** = P<0.01 and **** = P<0.0001.      
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proliferation of cells was higher on 7507 TIPS microparticles (1769 ±397  

cells/microparticle) compared to 7507 control and polystyrene microparticles 

from day 1 to 10. 7507 TIPS microparticles supported the highest proliferation 

rates after 10 days, with 1769 ±397 cells per microparticle (in comparison to 

PLGA control microparticles 868 ±267 cells/well and polystyrene 

microparticles 1417 ±294 cells/well). Polystyrene microparticles had 

significantly higher numbers of cells at all the time points compared with 

smooth PLGA microparticles, which had the overall lowest cell attachment and 

proliferation numbers. This suggests that smooth PLGA control microparticles 

did not facilitate cell attachment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8: PrestoBlue results of ADMSCs seeded at concentrations of 2000-8 

cells/microparticle onto 7507 and 7502 TIPS microparticles in hanging drop plates 

compared to cell only controls. (n=3) Two-way ANOVA with Geisser-Greenhouse correction 

= **** (P<0.0001) 
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Figure 3.9: PrestoBlue results of ADMSCs seeded onto 7507 TIPS microparticles, 7507 

control microparticles and polystyrene control microparticles. (n=8) Two-way ANOVA with 

Geisser-Greenhouse correction = ** (P<0.0046) 
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3.3 Discussion 
 

To assess the plasticity of the ADMSCs used, the cells at passage 9 were 

differentiated into osteo-, adipo- and chondro-cyte lineages. Cells successfully 

differentiated into all three lineages and from this it was decided that ADSMCs 

were used up to a maximum passage of 9 (Figure 3.1). It has been discovered 

that on occasion stem cells can spontaneously differentiate when exposed to 

biomaterials. For example, materials with higher stiffnesses have been shown 

to promote osteogenic differentiation. [181, 479] As the purpose of this study 

was to exploit the pro-angiogenic behaviour of ADMSCs (attached to TIPS-

processed materials) for therapeutic angiogenesis, spontaneous 

differentiation would be undesirable and may hinder the angiogenic behaviour 

of the cells. Therefore, ADMSCs were attached to 7507 TIPS microparticles 

and were allowed to migrate off the TIPS microparticles and incubated in 

conditions to promote differentiation into osteo-, adipo- and chondro-cyte 

lineages to assess if the TIPS microparticles effected the plasticity of the stem 

cells. Staining revealed that the ADMSCs had successfully differentiated into 

osteo- and adipo-cyte linages. Unfortunately, the differentiation into 

chondrocytes was unsuccessful as to the differentiation process for 

chondrocytes required a high density of cells in a pellet to induce spheroid 

formation. The cells that migrated off the microparticles were in a monolayer 

and were not available at a high enough concentration to induce chondrocyte 

formation. Future studies could pool samples together to achieve a high 

concentration of cells to allow for chondrocyte differentiation. Since the cells 

did differentiate into osteo- and adipo-cytes, it was concluded that attachment 

on TIPS 7507 microparticles did not affect the plasticity of the ADMSCs.  
 

 

Hanging drop plates were originally designed to induce spheroid formation, 

with an adherent cell suspensions added to each well and forced into a 

spheroid by eliminating the opportunity for cellular adherence to a surface. 

This technique was modified to attach ADMSCs to individual microparticles as 

by using the hanging drop method, the cells could only attach to the 

microparticles, thus, (after the retrieval of the microparticles from the plate and 

the removal of any unattached cells), any differences in cellular behaviour 

seen between TIPS and control microparticles could be attributed to the 
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differences in the structure and topographies of the microparticles (Part II. 

Chapter 2). In addition, the use of hanging drop plates eliminated clumping 

effects seen between microparticles (Figure 3.2) that resulted in the 

incomplete cellular coverage of the microparticles. Envisaging the delivery of 

cellularised microparticles as a treatment for PAD in future studies, more 

microparticles would be required (if clumped together) to deliver the same 

number of cells. This would be less cost-efficient and influence the ease of 

administration. Moreover, by seeding individual microparticles the number of 

cells per microparticle were more accurately determined. This is important for 

in vivo studies where it is vital to know the number of cells administered to 

avoid any negative side effects from over-administering a stem cell therapy. 

[45] One limitation of this method is its ability to be high-throughput. The 

seeding of individual microparticles is time consuming, especially when 

considering that it has been proposed that for cell therapies that tens to 

millions to billions of cells are required. [480] However the advantages of this 

method may out way this shortcoming, and it opens up the possibility of 

developing automated systems that can be used with a variety of 

microparticles and cells.   

ADMSCs were seeded onto PLGA 7507 TIPS, PLGA 7502 TIPS, control 

PLGA 7507 and control polystyrene microparticles in the hanging drop plates. 

Figure 3.8 revealed that 7507 TIPS microparticles had superior cell 

attachment than PLGA 7502 TIPS microparticles, most likely due to the 

difference in pore size and degradation rate. Due to the fast degradation rate 

of the PLGA 7502 TIPS microparticles, after hydrophilisation (that was 

required to allow for cellular attachment due to the hydrophobic nature of 

PLGA) the microparticles had degraded into an extremely small size and 

became difficult to handle and visualise, especially when handling individual 

microparticles. Therefore, 7502 TIPS microparticles were not investigated 

within the hanging drop plate studies beyond optimisation experiments.  
 

 

Multiple methods were investigated to accurately determine cell numbers on 

microparticles. Counting cells with a haemocytometer is a long-standing 

established method to count cells in suspension. It is quick, cheap and only 

requires a small amount of cell suspension (10-30 µL). [478] A 
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haemocytometer was initially used to count cell numbers (detached using 

trypsin-EDTA) from microparticles. However, haemocytometers are not 

suitable for counting low cell numbers, as they require scaling up all cell counts 

by 104, therefore if a count is misread by even one cell, the overall cell 

concentration would be incorrect by 104 cells/mL, making the overall error high. 

Despite the low cost and speed of running haemocytometer counts, the low 

accuracy and the low cell numbers used for hanging drop experiments meant 

that this method was only used to determine seeding densities for culturing 

and passaging cells. Therefore, assays were employed to accurately 

determine cell numbers.  
 

CyQUANT NF cell proliferation assay was first used determine cell numbers 

on microparticles from hanging drop plates. CyQUANT NF results (Figure 3.6) 

indicated that there was no significant difference between 1000 and 500 cells 

per microparticle, suggesting that 500 cells were sufficient to saturate the 

microparticles and incubating the microparticles with more than 500 cells 

would be would not result in further cell attachment. However, as the 

recommended initial seeding density for ADMSCs is 3-5x103 cells/cm2, [481] 

and as the Morphologi G3 data (Chapter 2 Table 2.1) had shown that the 

average size of the 7507 TIPS microparticles to be 300 µm (surface area = 

0.028 cm2), the seeding density for a single microparticle would be calculated 

as 8-14 cells. As CyQUANT NF assay results (Figure 3.5) were unable to 

detect significant differences in cell numbers lower than 125 cells, alternative 

cell proliferation assays (that were capable of detecting lower cell numbers) 

were explored. 

CellTOX Green cytotoxicity assay was considered as it claims sensitivity of 19 

cells/well, as well as being quick to perform, with a total assay time of 45 

minutes. [482] Despite this, results (Figure 3.6) revealed that in this case, the 

assay was not capable of detecting cell numbers below 1000 cells/well. In 

addition, as the assay required a destructive lysis step, therefore it was 

decided that it would not be used further.  

PrestoBlue cell viability reagent was investigated as it has been shown to 

have excellent sensitivity, with capabilities to detect cell numbers as low as 12  
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cells/well, [190, 233] it is a live cell assay (where the dye can be added and 

removed from cells with no toxic effects) and can be completed in less than 

10 minutes. [483] The PrestoBlue reagent had to first be optimised for use 

with ADMSCs (stem cells had not been tested or cited by the manufacture) 

and in the hanging drop plates with microparticles. In addition, it can be read 

for absorbance and fluorescence, therefore both were investigated for optimal 

readings at a range of time points from 10 minutes up to 24 hours, as it was 

reported by Lall et al., 2013, that incubation times of 24 hours may be required 

for low cell numbers. [234] From the results (Figure 3.7) it was determined that 

fluorescence (530 nm/612 nm) was the superior method to quantify the 

colorimetric changes. Fluorescence readings revealed that (Figure 3.7b), cells 

were detected after 20 minutes, however there was no significant difference 

between 16 cells/well and 8000 cells/well, suggesting that this was not a long 

enough incubation time to differentiate between cell densities. When 

comparing 8000 cells/well fluorescence readings after 20 minutes and 24 

hours, there was a significant difference in detection readings. It can be seen 

that (Figure 3.7b) there was an increase in fluorescence readings that 

correlated with an increased incubation time. As there was no significant 

difference between incubation for 21 and 24 hours, it was determined that 

incubation times of 21 hours was optimal. Optimisation experiments of cells 

seeded onto 7507 TIPS microparticles show that PrestoBlue was capable of 

detecting higher cell numbers compared to PLGA 7502 TIPS and polystyrene 

microparticles. This trend was also seen in Figure 3.3 and 3.9, where 

increased numbers of ADMSCs seeded onto 7507 TIPS microparticles were 

found over 10 days. This suggests that cell attachment was superior on 7507 

formulation of TIPS microparticles, which can be attributed to the rough and 

porous nature of the material.  

 

As stated, the recommended seeding density per microparticle was calculated 

as 8-14 cells. Unfortunately, none of the assays investigated were able to 

accurately determine such low cell numbers. In addition, with the error that can 

occur with accurately seeding such low cell numbers, it was decided that cell 

seeding numbers of 500 cells per microparticle would be used, as this was 
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determined to be the optimal initial seeding density (Figures 3.3, 3.5 and 3.8). 

In addition, on a practical level, attaching 8-14 cells per microparticle would 

prolong cell culture times and required higher numbers of cellularised 

constructs for implantations, resulting in increased costs (through increased 

cell culture times and biomaterials required) and a potential negative immune 

response from the implantation of a large volume of material. PrestoBlue 

was chosen as the optimal assay to determine cell numbers attached to TIPS 

microparticles (with a 21-hour incubation time) as it had shown superior 

sensitivity over the other assays investigated.  

 

Part I. Chapter 4 explored TIPS polymer films, and it was shown that similarly 

to 7507 TIPS microparticles, the 7507 TIPS polymer films had superior cell 

attachment and proliferation in comparison to 7507 PLGA TIPS films and 

smooth control films. These findings highlight how different characteristics of 

various formulations of PLGA can influence cell behaviour. Specifically, Part I. 

Chapter 3 determined that 7507 TIPS polymer films have increased stiffness 

and roughness in comparison to 7502 PLGA TIPS films and smooth PLGA 

controls, where these properties have been shown to positively influence cell 

attachment and proliferation. [219, 225] Therefore, it could be proffered that 

the superior cell attachment found on 7507 TIPS microparticles is due to the 

increase in roughness and stiffness of the 7507 PLGA, however quantification 

experiments with the microparticles to accurately determine this are required. 

These were not possible due to the limitations of the AFM. It has been 

recognised that it is difficult to image and analyse microparticles using AFM, 

due to the curvature of the particles resulting in artefacts and only small scan 

areas are possible. [484, 485] An alternative to AFM that could be explored in 

future studies is optical profilometry, that rather than a cantilever or stylus, 

uses light to measure surface morphology and is capable of analysing 3D 

structures. [486] 

 

Nevertheless, the distinctive physical differences between TIPS processed 

7507 and 7502 PLGA have influenced ADMSC behaviour through attachment 

and proliferation, whether manufactured into 2D polymer films or 3D 
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microparticles. To investigate the cellular behaviour further, the angiogenic 

response of ADMSCs attached to TIPS microparticles was explored in 

subsequent chapters. 
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3.5 Summary 

 

This chapter explored the cellularisation of TIPS processed microparticles 

through a novel hanging drop technique. The hanging drop method 

cellularised individual microparticles, allowing for more control over 

cellularisation and eliminated the effects of tissue culture surfaces. Cell 

numbers were quantified through the optimisation of a number of assays, 

where PrestoBlue cell viability reagent was chosen as the most suitable 

quantification method. Superior attachment of ADMSCs was seen on 7507 

TIPS microparticles through PrestoBlue readings and optical and fluorescent 

imaging. This response can be attributed to the increased roughness, porosity 

and stiffness of TIPS microparticles. This effect was also found with TIPS-

processed polymer films, where the 7507 PLGA formulation resulted in 

increased cell attachment and proliferation (Part I. Chapter 4). 

 

The angiogenic behaviour of ADMSCs seeded onto 7507 TIPS microparticles 

in hanging drop plates compared to smooth polymer control microparticles 

were studied in Part II. Chapter 5. 
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Part II. 

Chapter 4 Investigation of Biological 

Mechanism Responsible for the Observed In 

Vitro Pro-Angiogenic Effect of TIPS-Processed 

ADMSC Substrates 

 

 

 

 

4.1 Introduction 

 

The angiogenic activity of ADMSCs attached to polymer films was explored in 

Part I. Chapter 5, with an increase in pro-angiogenic behaviour seen from 

PLGA 7507 TIPS polymer films compared to PLGA 7502 TIPS polymer films 

and smooth polymer film controls. This chapter explores if the observed pro-

angiogenic effect was also seen with ADMSCs attached to PLGA 7507 TIPS 

microparticles in hanging drop plates. In vitro angiogenesis assays and 

angiogenic protein profiling were used to investigate the biological mechanism 

responsible for any angiogenic responses found. 
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4.2 Methods 

 

4.2.1 Measuring Cell Proliferation of Adipose Derived Mesenchymal 

Stem Cells on TIPS Microparticles  

Cell numbers were measured with PrestoBlue cell viability reagent as 

described in Part I. Chapter 4 Section 3.4.2.3 at days 1, 4, 7 and 10. 

 

 

4.2.3 Measuring In Vitro Angiogenic Activity of Adipose Derived 

Mesenchymal Stem Cells on TIPS surfaces 

4.2.3.1 Measuring Vascular Endothelial Growth Factor165 Secretion 

using Enzyme-linked Immunosorbent Assay  

The secretion of VEGF165 from ADMSCs seeded onto 7507 TIPS 

microparticles, 7507 PLGA microparticles and polystyrene microparticles in 

hanging drop plates at days 1, 4, 7 and 10 (n=7) was analysed by VEGF165 

ELISA (DY293B, R&D Systems, UK) described in Part I. Section 5.2.2.1. 

 

 

4.2.3.2 Screening for Angiogenic Protein Secretion from Adipose 

Derived Mesenchymal Stem Cells Using Human Proteome Profiler 

Angiogenesis Array 

The supernatants from ADMSCs attached onto 7507 TIPS microparticles, 

7507 PLGA microparticles and polystyrene microparticles were screened for 

55 different angiogenic-related growth factors using a Proteome Profiler 

angiogenesis array  (ARY007, R&D Systems, UK) as described in Part I. 

Section 5.2.2.2 (n=2). 

 

4.2.3.3 In Vitro Evaluation of Angiogenesis Using a Vasculogenesis to 

Angiogenesis Array 

The supernatants from ADMSCs seeded onto 7507 TIPS microparticles, 7507 

PLGA microparticles and polystyrene microparticles were investigated in an in 
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vitro angiogenesis array (V2a array, ZHA-4000, Cellworks, UK) as described 

in Part I. Section 5.2.2.3. 

 

To assess the effect of pro-angiogenic growth factors and anti-angiogenic 

factors on the secretion of angiogenic growth factors from ADMSCs cultured 

on 7507 TIPS microparticles, the V2a array was carried out as described in 

Part I. Section 5.2.2.3 with the addition of a pro- or anti-angiogenic factor 

selected from the pro- and anti-angiogenic factors highlighted from the human 

angiogenic proteome profiler array. 0.1g of VEGF (ZHA-1300) or 0.2 g/mL 

Serpin F1/PEDF Protein (1177-SF-025, R&D, UK) was added to the 

supernatants from 7507 TIPS microparticles in V2a growth medium. Media 

changes occurred every 2-3 days for 14 days and tubules were stained with 

anti-human CD31 antibody and imaged.     

 

4.2.4 Statistical Analysis 
 

Statistical Analysis methodology was described in Chapter 2 Section 2.2.7. 
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4.3 Results 

 

4.3.1 Vascular Endothelial Growth Factor Secretion from Adipose 

Derived Mesenchymal Stem Cells on TIPS Microparticles 

 

Figure 4.1 shows the number of ADMSCs attached onto microparticles, with 

PLGA 7507 TIPS microparticles supporting higher cell attachment and 

proliferation up to day 10 determined in Chapter 3. The VEGF secretion from 

ADMSCs seeded onto microparticles were measured and displayed in Figure 

4.2a. ADMSCs seeded onto 7507 TIPS microparticles showed an increase of 

VEGF secretion from day 1 to 10 (283 ±90 pg/mL to 1415 ±490 pg/mL), with 

the highest VEGF secretion from 7507 TIPS microparticles at day 10 at 1415 

±490 pg/mL in comparison to PLGA 7507 control and polystyrene 

microparticles (670 ±120 pg/mL and 1186 ±95 pg/mL respectively). 
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Figure 4.1: Quantification of ADMSCs attached to 7507 TIPS microparticles, control 

micro-particles and polystyrene control microparticles (n=8). Two-way ANOVA with 

Geisser-Greehouse correction = ** (P=0.0046)      
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Normalised results in Figure 4.2b show that at the earlier time points and up 

to day 7 7507 TIPS microparticles had significantly higher VEGF secretion per 

cell compared to 7507 control microparticles and polystyrene microparticles 

(1.9 ±0.5 pg/mL/cell, 0.3 ±0.1 pg/mL/cell, 1.0 ±0.2 pg/mL/cell respectively). 

Figure 4.2 a) VEGF165 secretion (pg/mL) from ADMSCs attached to 7507 TIPS 

microparticles, 7507 PLGA control microparticles and polystyrene microparticles (n=7) b) 

Normalised results showing the amount of VEGF (pg/mL) secreted per cell. Two-way 

ANOVA with Geisser-Greenhouse correction = ** (P<0.00445) 

 

 

 

1 4 7 10
0

250

500

750

1000

1250

1500

1750

2000

Day

V
E

G
F

 C
o
n
c
 p

g
/m

l

7507 TIPS Microparticles

7507 Control Microparticles

Polystyrene Microparticles

**

*

1 4 7 10
0.0

0.5

1.0

1.5

2.0

2.5

3.0

Day

V
E

G
F

 C
o
n
c
 (

p
g
/m

l)
/ 
C

e
ll 

N
u
m

b
e
r



 243 

4.3.2 Screening for Angiogenic Protein Secretion from Adipose 

Derived Mesenchymal Stem Cells Using Human Proteome Profiler 

Angiogenesis Array 

 

Supernatants from ADMSCs seeded onto microparticles in hanging drop 

plates were screened using an angiogenic proteome profiler array. Results 

presented show proteins that had a 2-fold increase/decrease when compared 

to polystyrene microparticles. Figure 4.3 revealed distinct differences in the 

secretion of angiogenic related proteins between 7507 TIPS microparticles 

and 7507 control microparticles normalised to polystyrene control 

microparticles. Notably, Angiopoietin-2, Amphiregulin, EG-VEGF, IGFBP-1/-3, 

PD-ECGF, PDGF-AA were down-regulated on 7507 control microparticles and 

up-regulated on 7507 TIPS microparticles. There were also higher levels of 

VEGF, PIGF, HGF, IL-1b/-8 and Persephin secreted from ADMSCs seeded 

onto 7507 TIPS microparticles compared to 7507 PLGA and polystyrene 

control microparticles.   

 

Supernatants were screened at different time points to assess differences in 

the secretion of angiogenic growth factors from ADMSCs day 1 to 10. Figures 

4.4 – 4.6 shows that at day 1, 20 pro-angiogenic proteins were down. regulated 

on 7507 PLGA smooth control microparticles and upregulated on 7507 TIPS 

PLGA microparticles compared with polystyrene smooth microparticles. Of 

these, there were high levels of VEGF, uPA and PDGF-AB/BB detected and 

pro-inflammatory Serpin E1, MMP-9, IL-8 and IL-1b detected. After day 1, 

profilers show that the difference between the pro-angiogenic factors secreted 

from ADMSCs on microparticles decreased when compared to polystyrene, 

with the exception of VEGF, uPA, PDGF-AA/AB, persephin, PDGF-AA and 

PD-ECGF that increased after 10 days on PLGA smooth and TIPS 

microparticles compared with polystyrene. Throughout the timepoints only a 

few anti-angiogenic proteins were identified, with the potency of proteins such 

as Serpin F1, TSP and TIMP-1 decreasing over time on the TIPS 7507 

microparticles compared to polystyrene. In addition, the anti-angiogenic 

proteins CVCL16, Endostatin, PF4 and LAP were found in higher quantities 
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on cells seeded onto polystyrene microparticles when compared to PLGA 

microparticles. When the proteome profiler results were further analysed using 

the ‘STRING’ database, the TIPS microparticle samples strong links to the 

angiogenesis pathway (14 genes, 2.28e-14 false discovery rate), blood vessel 

and vasculature development pathway (15 genes, 1.4e-13 false discovery 

rate) and the tissue development pathway (19 genes, 9.95e-11) were 

highlighted. These pathways were also identified for the PLGA control 

microparticles (supplementary Figure S4.3). 
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Figure 4.4: Heat maps showing human angiogenesis proteome profiler proteins secreted 

from ADMSCs seeded onto 7507 TIPS microparticles and 7507 control microparticles 

compared with polystyrene microparticles at days 1, 4, 7 and 10.  
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Figure 4.5: Heat maps showing human pro-angiogenesis proteome profiler proteins 

secreted from ADMSCs seeded onto 7507 TIPS microparticles and 7507 control 

microparticles compared with polystyrene microparticles at days 1, 4, 7 and 10. 
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4.3.3 In Vitro Evaluation of Angiogenesis Using a Vasculogenesis to 

Angiogenesis Array  

 

The V2a array was also used for to assess the effect of ADMSCs cultured on 

microparticles on in vitro angiogenesis. Co-cultures were exposed to 

conditioned media containing the supernatants of ADMSCs seeded onto 7507 

TIPS, 7507 control and polystyrene microparticles. After 14 days samples 
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Figure 4.6: Heat maps showing human anti-angiogenesis proteome profiler proteins 

secreted from ADMSCs seeded onto 7507 TIPS microparticles and 7507 control 

microparticles compared with polystyrene microparticles at days 1, 4, 7 and 10. 
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were stained for anti-CD31, imaged and analysed using Angio.Sys.2.0 

software. 7507 TIPS microparticles had significantly higher average tubule 

length, branches and junctions compared to 7507 control microparticles. 

There were no significant differences between 7507 TIPS microparticle 

samples length, branches and junctions and polystyrene microparticle 

samples. 

 

The V2a array was used in an additional experiment to investigate how the 

addition of a pro-angiogenic and anti-angiogenic growth factor to the 
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conditioned media of ADMSCs cultured on 7507 TIPS microparticles could 

affect angiogenesis in vitro. VEGF was chosen as the pro-angiogenic factor 

as it had previously been studied using ELISA (Figure 4.2), was shown to be 

positively secreted in the proteome profiler (Figures 4.3 - 4.6) and was the 

internal positive control for the V2a array. Serphin F1/PEDF was selected to 

inhibit angiogenesis as it actively blocks VEGF and was shown in the 

proteome profilers to be down regulated from TIPS microparticle samples 

(Figures 4.3 - 4.6). Results show that the addition of VEGF to the conditioned 

media of ADMSCs seeded onto 7507 TIPS microparticles increases tubule 

length, and the addition of PEDF significantly decreases the tubule length and 

junctions of tubules compared with to 7507 TIPS microparticle supernatants. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: Quantification of the V2a array from the secretomes from ADMSCs attached to 

PLGA 7507 TIPS microparticles with the addition of the pro-angiogenic factor VEGF and anti-

angiogenic factor PDGF a) tubule length b) tubule junctions c) tubule branches (n=1). Where * 

= P<0.05, ** = P<0.01, *** = P<0.001 and **** = P<0.0001. Ordinary One-way ANOVA = **** (P<0.0001)        

75
07

 T
IP

S
 

M
ic

ro
pa

rt
ic

le
s

T
IP

S
 M

ic
ro

pa
rt

ic
le

s
 +

 V
E

G
F

T
IP

S
 M

ic
ro

pa
rt

ic
le

s 
+

 P
E

D
F

M
ed

ia
 C

on
tr

ol

V
E

G
F

 C
on

tr
ol

S
ur

am
in

 C
on

tr
ol

0

100

200

300

400

500

600

P
ix

el
s

Microparticles V2a: Branches

*

***

c)   

7
5

0
7

 T
IP

S
 

M
ic

ro
p

a
rt

ic
le

s

T
IP

S
 M

ic
ro

p
a

rt
ic

le
s

 +
 V

E
G

F

T
IP

S
 M

ic
ro

p
a

rt
ic

le
s
 

+
 P

E
D

F

M
e

d
ia

 C
o

n
tr

o
l

V
E

G
F

 C
o

n
tr

o
l

S
u

ra
m

in
 C

o
n
tr

o
l0

5000

10000

15000

20000

Microparticles V2a: Length

P
ix

e
ls

***

** ***

7
5

0
7

 T
IP

S
 

M
ic

ro
p

a
rt

ic
le

s

T
IP

S
 M

ic
ro

p
a

rt
ic

le
s

 +
 V

E
G

F

T
IP

S
 M

ic
ro

p
a

rt
ic

le
s 

+
 P

E
D

F

M
e
d

ia
 C

o
n

tr
o

l

V
E

G
F

 C
o

n
tr

o
l

S
u
ra

m
in

 C
o

n
tr

o
l0

100

200

300

400

500

Microparticles V2a: Junctions
P

ix
e
ls

*

** ***

b)   a)   

7
5

0
7

 T
IP

S
 

M
ic

ro
p

a
rt

ic
le

s

T
IP

S
 M

ic
ro

p
a

rt
ic

le
s

 +
 V

E
G

F

T
IP

S
 M

ic
ro

p
a

rt
ic

le
s
 

+
 P

E
D

F

M
e

d
ia

 C
o

n
tr

o
l

V
E

G
F

 C
o

n
tr

o
l

S
u

ra
m

in
 C

o
n

tr
o

l0

5000

10000

15000

20000

Microparticles V2a: Length

P
ix

e
ls

***

** ***

7
5

0
7

 T
IP

S
 

M
ic

ro
p
a

rt
ic

le
s

T
IP

S
 M

ic
ro

p
a

rt
ic

le
s

 +
 V

E
G

F

T
IP

S
 M

ic
ro

p
a

rt
ic

le
s
 

+
 P

E
D

F

M
e
d

ia
 C

o
n

tr
o
l

V
E

G
F

 C
o

n
tr

o
l

S
u
ra

m
in

 C
o

n
tr

o
l0

100

200

300

400

500

Microparticles V2a: Junctions

P
ix

e
ls

*

** ***



 250 

4.4 Discussion 

 

One of the driving factors angiogenesis is VEGF, that induces vascular 

leakage, vasodilation, endothelial cell migration, endothelial cell proliferation 

and tubule formation. [248-250] Consequently, VEGF concentration was 

selected to be measured as a primary indicator of angiogenic activity through 

ELISA, specifically VEGF165. VEGF165 is the most potent isoform of VEGF-A, 

a subset of VEGF that is crucial in angiogenesis through the stimulation of 

blood vessel sprouting and vascular regeneration. [487] 

 

The PLGA 7507 TIPS microparticles had an increased VEGF165 release per 

ADMSC up to day 7 (1.4 ±0.5 pg/mL/cell) compared to PLGA 7507 control 

microparticles (0.4 ±0.1 pg/mL/cell) and polystyrene microparticles (1.05 ±0.2 

pg/mL/cell). Interestingly, the ADMSCs seeded onto PLGA 7507 smooth 

microparticles had their highest secretion of VEGF165 at days 1 and 10, with 

the secretion reducing significantly at days 4 and 7. This behaviour could be 

due to poor cell attachment onto the smooth surface, cellular apoptosis, the 

potential secretion of other growth factors, the secretion of anti-angiogenic 

factors or inflammatory proteins. [488, 489] The ADMSCs seeded onto the 

smooth polystyrene microparticles did not have any significant changes in 

VEGF165 concentrations per cell through the time points.  

 

When considering how topography can influence the secretion of angiogenic 

growth factors, and the non-degradable smooth characteristics of  polystyrene 

and the smooth surfaces of the PLGA control microparticles, it can be 

hypothesised that non-degradable and smooth materials do not improve the 

secretion of the proangiogenic growth factor VEGF165 from ADMSCs. At day 

10 there was no significant difference in the secretion of VEGF165 from 7507 

TIPS microparticles, 7507 control microparticles and polystyrene 

microparticles, as the control groups began to secrete higher levels of 

VEGF165 compared with the earlier time points. When looking ahead into the 

in vivo implantation of the cellularised microparticles as a treatment for tissue 

ischaemia, it would be most effective to culture ADMSCs on TIPS 7507 
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microparticles for 1-4 days before implantation, as between these time points 

the cells secreted the highest levels of VEGF165. Having shorter incubation 

times will also benefit downstream treatments, as the product would be more 

readily available. Furthermore, shortened tissue culture times would also 

reduce costs.  

It has been established that to induce angiogenesis, concentrations of 0.05-

0.6 pg/mL of VEGF/cell is required, [266-268] as ADMSCs naturally secrete 

0.003-0.04 pg/mL of VEGF per cell. [269, 270] Figure 4.2b shows a VEGF165 

secretion of 2.1 ±0.6 - 1.4 ±0.4 pg/mL/cell on 7507 TIPS microparticles, which 

suggest that these levels would be capable of promoting angiogenesis in vivo. 

This also demonstrates that cell attachment to TIPS 7507 microparticles 

enhanced the VEGF165 secretion per ADMSC compared with smooth 

microparticles. These results are encouraging as it has been shown that 

VEGF165 secretion can be increased without the use of genetic modification of 

the cells. Many studies involving the increase in secretion of angiogenic 

growth factors from stem cells involve genetically modifying the cells to do so, 

resulting in improved in vitro and in vivo angiogenic outcomes. [28, 157, 158, 

490] By negating the use of this technology, the hazardous consequences 

such as uncontrolled gene mutations, uncontrolled growth factor expression 

and oncogenic effects are eliminated. [491-493] 

From Figures 4.2b it can be observed that the ADMSCs seeded onto 

microparticles had overall higher VEGF165 levels (pg/mL) per cell compared 

with the polymer films manufactured from the same material (Part I. Figure 

4.1b).  It has been established that cells behave differently on 2D and 3D 

cultures with regards to spreading, morphology, differentiation and survival. 

[167] In this case, the cells responded differently to the different culture 

conditions by altering the levels of growth factors secreted, with microparticle 

culture favouring VEGF165 secretion. 3D environments are thought to be more 

representative of in vivo conditions, as cells do not naturally occur as 

monolayers as they do in 2D culture. Cells can thus grow beyond monolayers 

in 3D culture and in turn have improved proliferation, gene expression and 

growth factor release. [247] This behaviour can be exploited for tissue 
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engineering applications, where 7507 TIPS microparticles can be used to 

promote angiogenic behaviour of ADMSCs to treat ischemic disease.  

  

To further assess the release of angiogenic growth factors from ADMSCs 

seeded onto 7507 TIPS microparticles in comparison to controls, an 

angiogenic proteome profiler array was used to screen for 55 angiogenic 

related proteins. Further analysis using the STRING database [247] revealed 

that there were strong associations with angiogenesis, blood vessel and 

vascular development and tissue development processes. There were 14 

linked genes and proteins associated with the angiogenesis pathway detected 

from the secretomes of ADMSCs seeded onto TIPS and control 7507 

microparticles and 11 genes and proteins were secreted from ADMSCs 

seeded onto polystyrene microparticles. This suggests that 7507 PLGA could 

have an influence in increasing angiogenic responses compared with 

polystyrene. It was uncovered in Part I. Chapter 3 that polystyrene had much 

higher stiffness measurements than PLGA. Over-stiff surfaces can cause 

changes in cellular morphology, [178] that in turn effects cell behaviour. In this 

instance the stiffness of polystyrene microparticles could have contributed in 

less VEGF165 from being secreted from the attached ADMSCs. 

 

The proteome profiler array (Figure 4.3) revealed MCP1 to be upregulated 

from TIPS samples and downregulated on PLGA control samples. MCP1 is a 

pro-angiogenic factor that is secreted by mesenchymal stem cells. It has been 

shown to promote angiogenesis in vitro through the promotion of endothelial 

cell migration, proliferation and angiogenic factor gene expression. [494] In 

addition, it has been shown to induce capillary formation and restore blood 

flow in pre-clinical models of hindlimb ischemia through the expression of 

VEGF and HIF-. [495, 496] It would be interesting to explore the role of MCP1 

further considering the large difference in expression between TIPS and PLGA 

control groups and the links to VEGF expression and angiogenesis.  

Furthermore, MCP1 has also been identified as a proinflammatory cytokine 

that can induce senescence in MSCs through expression of CCR2 that 

facilitates monocyte chemotaxis. [497] Despite this, MCP1 has been shown to 
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be pro-angiogenic in in vitro in combination with a pro-inflammatory response. 

Therefore, an increase in inflammation through the secretion of MCP1 can still 

result in a pro-angiogenic response as well as an increase in proliferation. 

[498, 499] 

 

ADMSCs are known to secrete multiple factors including and not limited to; 

VEGF, HGF, IGF-1, FGF, IL-8, G-CSF, EGF, TGF, IL-1b, MCP-1 and PDGF. 

[76, 77, 79, 92, 500]  The proteome profiler array highlighted multiple pro-

angiogenic factors secreted from the ADMSCs when attached to TIPS 

microparticles, including: VEGF-A, FGF-a, FGF-b, epidermal growth factor 

(EGF), angiopoietin-2, angiogenin prolactin and persephin. Angiopoietin-2, 

prolactin and persephin are not typically associated with the secretomes of 

ADMSCs, where angiopoietin-2 binds to receptors on endothelial cells and in 

combination with VEGF, influences cell migration and proliferation, [280] and 

prolactin and persephin interact with ERK pathways that ultimately influence 

endothelial cell tubule formation. [317, 320, 321] Therefore, the production of 

these pro-angiogenic factors from ADMSCs could be in response to the 

exposure to TIPS microparticles. When comparing how these interactions 

differ from day 1 to day 10, there was an increase in genes associated with 

angiogenesis from ADMSCs on 7507 TIPS microparticles on day 1 from 10 

genes (FD 4.02e-09) to 13 genes (FD 9.56e-13) on day 10. This increase was 

seen with the 7507 PLGA control microparticles with day 1, showing 10 genes 

(FD 5.52e-09) increase to 11 genes (FD 1.31e-10) at day 10. In addition, there 

was an increase in the blood vessel development pathway from 7507 TIPS 

microparticle samples on day 1, from 11 genes (FD 4.76e-09) to 14 genes (FD 

3.27e-12) on day 10. This same effect was seen with the 7507 PLGA control 

microparticles (day 1; 11 genes FD 8.39e-09 and day 10; 14 genes 2.2e-12). 

These findings begin to suggest that the behaviour of ADMSCs begin to 

change over time with regards to biological processes occurring, such as 

blood vessel development. Also, there were differences between the proteins 

associated with angiogenesis, with at 10 day more proteins secreted from 

ADMSCs seeded onto 7507 TIPS microparticles, suggesting that the TIPS 

microparticles could influence an increase in pro-angiogenic activity compared 

with the 7507 PLGA control microparticles. The difference in topography and 
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structure between these materials could have contributed to the different 

responses of ADMSCs observed.  

     

To further understand the effect of the TIPS microparticles on the angiogenic 

behaviour of ADMSCs, an in vitro angiogenesis array was performed. The V2a 

array measures the length, junctions and branches of tubules formed after 

exposure to the secretomes from ADMSCs attached to 7507 TIPS and control 

microparticles. The findings revealed that tubule length, junctions and 

branches were increased from TIPS 7507 microparticle samples compared to 

7507 control microparticles and polystyrene microparticles. This is the same 

effect seen with TIPS-processed polymer films, (Part I. Chapter 5) where 

PLGA 7507 TIPS polymer films had the highest in vitro angiogenic response. 

The advanced angiogenic behaviour from ADMSCs attached to 7507 TIPS-

processed polymers have also been highlighted in the proteome profiler 

arrays, where the increase in tubule formation is due to the increase in pro-

angiogenic factors secreted from ADMSCs on TIPS surfaces (as shown by the 

proteome profiler arrays and VEGF ELISA) in comparison to controls. This 

response can be attributed to the superior in stiffness, porosity and roughness 

provided by the TIPS-processed 7507 PLGA.  

 

To investigate if VEGF165 was a driving force in the promotion of tubule 

formation (Figure 4.7), the V2a was performed with the addition of a pro-

angiogenic and anti-angiogenic factor to the secretomes of ADMSCs cultured 

on 7507 TIPS microparticles. VEGF165 was included as a positive control, 

where the addition of VEGF165 to the secretomes from ADMSCs seeded onto 

7507 TIPS microparticles resulted in a significant increase in the length, 

branches and junctions of the tubules compared with the 7507 TIPS 

microparticle secretome only group, demonstrating the role of VEGF165 in 

increasing in vitro angiogenic behaviour. There was no significant difference 

between the VEGF positive control group and the 7507 TIPS microparticle with 

VEGF165 group, signifying that culturing ADMSCs on 7507 TIPS microparticles 

did not negatively affect how VEGF165 interacts with endothelial cells to 

produce tubules, by perhaps secreting anti-angiogenic proteins that would 

block VEGF165 binding to endothelial cells. The proteome profiler (Figure 4.6) 
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showed that there were a small number of anti-angiogenic factors secreted 

from ADMSCs on PLGA control microparticles that were shown to be down 

regulated when seeded on TIPS microparticles. Anti-angiogenic factors 

included pigment epithelium-derived growth factor (PEDF), TIMP-1, 

endostatin and maspin. For the purpose of this study, a factor that specifically 

interacted with VEGF was desired. As maspin and endostatin interfere with 

endothelial cell proliferation without directly blocking VEGF and [322, 501] 

TIMP-1 inhibits angiogenesis via inhibiting MMPs that are involved in the 

degradation of the ECM, these factors were not selected. [502] PEDF (also 

known as serpin F1) was chosen as it was down-regulated on TIPS 

microparticles in the proteome profilers (Figures 4.6). PEDF has been shown 

to obstruct angiogenesis by directly inhibiting VEGF binding to VEGF-receptor 

1 [503, 504] that blocks the MAPK/ERK pathway, inhibiting migration and 

proliferation of endothelial cells. [505] MAPK/ERK pathway plays a role in 

angiogenesis by stimulating endothelial cell (angiogenic) activity in response 

to growth factors such as VEGF. [506] The addition of PEDF to the secretomes 

from ADMSCs on TIPS microparticles significantly hindered the number of 

junctions and the length of tubules in the V2a assay compared with the 

secretome only samples (Figure 4.8). From this it can be said that VEGF is a 

key regulator of angiogenesis and may be acting through the MAPK/ERK 

pathway. Although, compared to the suramin negative control (suramin 

actively blocks VEGF [274]) the ADMSCs secretomes from TIPS 

microparticles with PEDF had significantly higher tubule length, junctions and 

branches. Therefore, as tubules had formed, there must be other angiogenic 

factors within the secretome stimulating angiogenesis in addition to VEGF, 

that is not able to be blocked by PEDF. This assumption is supported by the 

proteome profiler data that highlights a host of proteins present that can 

promote angiogenesis, suggesting an additional pathway may be activated. In 

order to uncover the underlying cellular mechanisms in which angiogenesis is 

promoted from ADMSCs seeded onto TIPS surfaces future work is required.  
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4.5 Summary 

 

This chapter explored the angiogenic effect of ADMSCs attached to TIPS 

microparticles and investigated the biological mechanism responsible for the 

observed effect. ADMSCs attached to TIPS microparticles secreted higher 

quantities of VEGF165 per cell compared with controls, suggesting that the 

unique hierarchical, porous and rough structure of the TIPS microparticles 

resulted in an increase in angiogenic growth factor secretion. To investigate 

the underlying mechanism responsible for the increase in VEGF165 secretion 

seen on TIPS microparticles, proteome profiler arrays and V2a arrays were 

performed. As with ADMSCs attached to 7507 TIPS polymer films, the 

proteome profiler array and subsequent analysis was able to highlight multiple 

pathways were promoted on TIPS microparticles, such as angiogenesis and 

the blood vessel development pathway. Pro- (VEGF) and anti- (PEDF) 

angiogenic growth factors were added to the secretomes of ADMSCs seeded 

onto 7507 TIPS microparticles and the angiogenic response was investigated 

with the V2a array. The addition of PEDF significantly hindered in vitro 

angiogenesis through actively blocking VEGF, compared with the increase in 

tubule formation from the addition of VEGF. This highlighted that VEGF was a 

key regulator inducing angiogenesis from ADMSCs seeded 7507 TIPS 

microparticles, most likely through the MAPK/ERK pathway. [505]  There were 

also indications of activation of additional pathways through the secretion of 

multiple growth factors, however further exploration of this theory is required.   
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4.6 Supplementary Information 

 
S4.1 VEGF165 secretion (pg/mL) per ADMSC seeded onto 7507 TIPS 

microparticles, 7507 control microparticles and polystyrene microparticles at 

days 1, 4, 7 and 10. The highest secretion of VEGF165 where from ADMSCs 

seeded onto 7507 TIPS microparticles at day 1. 

 

 

 

 

 

 

 

 

 

 

 
S4.2 Proteome profiler proteins from ADMSCs on 7507 TIPS microparticles 

were analysed through STRING Analysis for connections to biological 

processes. Images show the connections between the secreted genes and 

proteins. Strong connections were found between angiogenesis, blood 

vessel and vasculature development and tissue development pathways. 
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S4.3 Proteome profiler proteins from ADMSCs on 7507 control microparticles 

were analysed through STRING Analysis for connections to biological 

processes. Images show the connections between the secreted genes and 

proteins. Strong connections were found between angiogenesis, blood 

vessel and vasculature development and tissue development pathways. 

 

 

 

 

 

 

 

 

 

 

 

S4.4 Proteome profiler proteins from ADMSCs on polystyrene microparticles 

were analysed through STRING Analysis for connections to biological 

processes. Images show the connections between the secreted genes and 

proteins. Strong connections were found between angiogenesis, blood 

vessel and vasculature development and tissue development pathways. 
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S4.5 Images from the V2a array tubules stained with anti-CD31. Images were 

analysed through Angio.Sys software and tubule length, branches and 

junctions were quantified. 

 

 

 

 

 

 

 

 

 

 

 

 

 

S4.6 Images from the V2a array tubules stained with anti-CD31 where a pro- 

and anti- angiogenic factor was added to the 7507 TIPS microparticle 

sampels. Images were analysed through Angio.Sys software and tubule 

length, branches and junctions were quantified. The addition of VEGF 

increased tubule formation from samples exposed to 7507 TIPS secretomes 

and tubule formation was hindered by the addition of PEDF. 

 

 

 

 

 

 

 

 

 

 

 

    7507 TIPS                 PLGA control              Polystyrene 
  microparticles              microparticles           microparticles 
 
 
 

 
 
 

 
   VEGF control           Suramin control            Media control  
      

      7507 TIPS microparticles    7507 TIPS microparticles                            
          + VEGF            + PEDF 
 
 
 
 
 
 
 

 
   VEGF control           Suramin control            Media control 
    



 260 

 

 

Part II. 

Chapter 5 Pre-Clinical Evaluation of Acellular 

TIPS-Based Microparticles 

 

 

 

 

5.1 Introduction 

 

The hindlimb ischaemia model has been established as a valuable pre-clinical 

model of peripheral artery disease [17, 46, 50, 71, 242, 334, 341] (PAD) as 

discussed in Part I. Chapter 6. The procedure to induce ischaemia was 

optimised in previous chapters, where unilateral femoral artery ligation was 

selected as the optimal method to induce ischaemia in mice.  

 

Biomaterials can be a useful tool to aid the delivery of cells in vivo for 

therapeutic angiogenesis, as many studies have shown that promising cell 

therapies are unable to remain at the implant site when administered in 

suspension. [4, 5, 71, 73, 77, 91-94] To investigate the response of TIPS 

microparticles in vivo, they were administered into the hindlimb ischaemia 

model through a non-invasive method. The behaviour of the TIPS 

microparticles and the effect on angiogenesis in comparison to controls were 

evaluated with laser doppler imaging and histology methods.  
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5.2 Methods  

 

5.2.1 Inducing Ischaemia in a Preclinical Model of Peripheral Arterial 

Disease 

A murine hindlimb ischaemia model was used a pre-clinical model of PAD. A 

full description of the procedure used to induce hindlimb ischaemia was 

outlined in Part I. Section 6.2.1. 

 

5.2.2 Blood Flow Evaluation Using Laser Doppler Imaging 

Laser doppler imaging was used to evaluate blood flow in the murine hindlimbs 

immediately after surgeries and at days 7, 14 and 21. The technique has been 

described in Part I. Section 6.2.2. 

 

5.2.3 Implantation of Microparticles into the Hindlimb Ischaemia Model 

Before the implantation studies microparticles were prepared by 

hydrophilisation outlined in Chapter 3 Section 3.2.3, washed twice with 3 mL 

sterile 1X PBS and combined with Aquaform hydrogel (1418C, Aspen Medical, 

UK) at a concentration of 100 mg/mL in order to create an injectable material. 

The number of microparticles was determined by weighing 100 mg of the 

microparticles and combining this with 1 mL of gel. 100 µL of this mixture was 

pipetted onto glass slides (631-1551, VWR, UK) and imaged against a black 

background to provide a reproduceable background for images. The 

microparticles within these samples were manually counted, with the average 

microparticle number per 100 µL being 1803 ±178 (n=6). Unilateral femoral 

artery ligation was used to create ischaemia in the hindlimb of c57bl/6 mice. 

After ischaemia was induced, 50 μL of 7507 TIPS microparticles in Aquaform 

gel was pipetted around the occluded bundle (n=2) using a positive 

displacement pipette (P50-250, Gilson Microman). The incision was closed 

using 5-0 coated Vicryl absorbable sutures (J409G, Ethicon, USA) This was 

repeated with 50 μL 7507 PLGA control microparticles in Aquaform gel (100 

mg/mL), 50 μL of Aquaform gel only to assess the effects of the gel in vivo 

(n=2) and a no treatment control (n=1).  
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Another hydrogel, GranuGEL, was also investigated (n=3) and the effects of 

both gels evaluated. GranuGEL (ELM054, Convatec, UK) was combined with 

hydrophilised microparticles at a concentration of 200 mg/mL. Unilateral 

femoral artery ligation was induced in the hindlimb of c57bl/6 mice and 100 μL 

7507 TIPS microparticles and GranuGEL mixture was pipetted around the site 

of ischaemia (n=2) using a positive displacement pipette (P50-250, Gilson 

Microman). This was repeated with 7507 PLGA control microparticles at a 

concentration of 200mg/mL with GranuGEL (n=2), GranuGEL only control 

(n=1) and no treatment (n=1). All incisions were closed with 3-4 5-0 coated 

Vicryl absorbable sutures (J409G, Ethicon, USA) and cleaned, then the 

animals were placed into a recovery chamber until consciousness was 

regained. All incision sites were checked after 24 hours to ensure the sutures 

had not broken. If this had occurred, the sites were re-sutured as outlined in 

Part I. Section 6.2.2. The animals were monitored for or signs of infection or 

suffering every 6-7 days. The efficiency of the surgeries was assessed by laser 

doppler imaging immediately after surgery, and the blood reperfusion was 

measured weekly up to 21 days with laser doppler imaging. The surgeries 

were repeated three times.  

5.2.4 Evaluating the Effect of the Hindlimb Ischaemia Model on the 

Degradation of 7507 TIPS Microparticles 

7507 TIPS microparticles were prepared by hydrophilisation, washed twice 

with 1X PBS and combined with GranuGEL (ELM054, Convatec, UK) at a 

concentration of 200 mg/mL. Unilateral femoral artery ligation was induced in 

the hindlimb of c57bl/6 mice and 100 μL 7507 TIPS microparticles and 

Granugel mixture was pipetted around the occluded bundle (n=8) using a 

positive displacement pipette (P50-250, Gilson Microman). The incisions were 

closed with 3-4 coated Vicryl absorbable sutures (J409G, Ethicon, USA) and 

cleaned, then animals were placed into a recovery chamber until recovered. 

All incision sites were checked after 24 hours to ensure the sutures had not 

broken. If this occurred, the sites were re-sutured and the animals were 

monitored for or signs of infection or suffering every 6-7 days efficiency of the 

surgeries was assessed by laser doppler imaging immediately after surgery, 

the degradation of the microparticles was evaluated at 6, 12, 18 and 24 weeks.   
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5.2.5 Evaluation of Implanted TIPS-Based Materials 

5.2.5.1 Preparing Microscope Slides 

The preparation of TESPA slides was described in Part I. Section 6.2.3.1. 

 

5.2.5.2 Histological Analysis of Tissues 

Histology methodology was described in Part I. Section 6.2.3.2. 

 

5.2.5.3 Haematoxylin and Eosin staining of Tissue Sections 

Haematoxylin and Eosin (H&E) cellular stain was used to stain tissue sections. 

The staining procedure was described in Part I. Section 6.2.3.3.  

 

5.2.5.4 Immunohistochemical Staining of Tissue Sections   

Tissues were stained with the endothelial cell marker Von Willebrand factor 

(VWF) to evaluate blood vessel development. The staining procedure was 

described in Part I. Section 6.2.3.4. 

 

5.2.5.5 Evaluation of Arteriogenesis       

H&E stained tissue sections were evaluated for arteriogenesis. The full 

methodology was described in Part I. Section 6.2.4. 

                                                                     

5.2.6 Evaluation of Angiogenesis Related Gene Expression from 

Ischemic Limbs Treated with TIPS Microparticles 

A full description of the procedures used in the evaluation of gene expression 

from tissues treated with TIPS-based materials was outlined in Part I. Section 

6.2.5. This includes the methodology for RNA extraction (Part I. Section 

6.2.5.1), reverse transcription of RNA to cDNA (Part I. Section 6.2.5.2), design 

of primers (Part I. Section 6.2.5.3) and relative qPCR (Part I. Section 6.2.5.4).  

 

5.2.7 Statistical Analysis 

Statistical Analysis methodology was described in Chapter 2 Section 2.2.7. 
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5.3 Results  

 

5.3.2.1. Evaluation of Implanted TIPS Microparticles into the Hindlimb 

Ischaemia Model  

 

7507 PLGA TIPS microparticles were implanted after the induction of 

ischaemia in the hindlimbs of mice via injection with the aid of Aquaform. 

Aquaform is a biocompatible hydrogel used to rehydrate dry tissue consisting 

of propylene glycol and grafted starch polymer. [507] Post-operative laser 

doppler imaging confirmed ischaemia had been successfully induced and was 

repeated at days 7, 14 and 21 (supplementary Figure S5.1). There were no 

significant differences in reperfusion ratios between all groups. 7507 TIPS 

microparticles and 7507 control microparticles were also implanted in 

GranuGEL (a hydrogel and hydrocolloid gel) [508] to assess if the Aquaform 

gel effected the reperfusion rate. There were no significant differences 

between the reperfusion rates of TIPS microparticles, and control treated limbs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: Quantification of laser-doppler imaging from hindlimbs from mice impanated with 

7507 PLGA TIPS microparticles in Aquaform, control 7507 PLGA microparticles in Aquaform, 

Aquaform only and no treatment.  Results are shown as perfusion ratio at days 7, 14 and 21 
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at days 7 and 14. At day 21 the 7507 TIPS microparticle group had significantly 

increased reperfusion ratios after 21 days (1.38 ±0.5 perfusion ratio) 

compared to 7507 control microparticles, GranuGEL and a no treatment 

control (0.89 ±0.2, 0.8 ±0.14, and 0.86 ±0.2 perfusion ratio respectively).  

 

  

 

 

 

 

5.3.4 Histological Analysis Evaluation of Implanted TIPS Microparticles 

 

H&E staining showed that a large granuloma had formed in the groups with 

the Aquaform implant (Figure 5.4). To assess if this was an effect from the 

surgery or the Aquaform, another gel, GranuGEL, was investigated. The H&E 

images (Figure 5.5) from the GranuGEL only controls show that granulomas 

had not formed to the same extent as the Aquaform gel. From these findings  

 
 

 

Post-Op 

 

 

Week 1 

 

 

Week 2 

 

 

Week 3 

 

 

    

 

 

    

 

 

    

 

 

    

Figure 5.2: Laser-doppler imaging from hindlimbs from mice impanated with 7507 PLGA TIPS 

microparticles in GranuGEL, control 7507 PLGA microparticles in GranuGEL, GranuGEL only 

and no treatment. Images were taken post-operatively and at days 7, 14 and 21.  
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GranuGEL was chosen as the delivery vehicle for microparticle implantation. 

H&E staining (Figure 5.6) revealed that the 7507 TIPS and control 

microparticles remained at the implant site and showed signs of degradation 

and deformation. The TIPS structure was visible as well as the attachment of 

cells on the TIPS and control surfaces. In addition, there was an indication of 

attachment of giant multinucleated cells indicated by blue arrows in Figure 

5.6d. These cells were a sign of the immune response reacting to the 

implantation of the biomaterial. This response was studied further in Part II. 

Chapter 6. There was also evidence of blood vessel formation around the 7507 

TIPS microparticles, indicated by black arrows in Figure 5.6. This was further 

highlighted with VWF positive staining in Figure 5.8, where blood vessels were 

visible around the implanted 7507 TIPS microparticles.  

 

Figure 5.3: Quantification of laser-doppler imaging of the paws of mice that had undergone 

unilateral femoral artery ligation and subsequent implantation of 7507 PLGA TIPS processed 

microparticles in GranuGEL, control 7507 PLGA microparticles in GranuGEL, GranuGEL 

only and no treatment.  Results are shown as perfusion ratio at days 7, 14 and 21. (n=3) 

Two-way ANOVA with Geisser-Greenhouse correction = *. (P=0.015)    
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200 µm 200 µm 

Figure 5.4: H&E staining of tissue sections showing the implantation of 

Aquaform gel in the hindlimb ischaemia model.  

200 µm 100 µm 

Figure 5.5: H&E staining of tissue sections showing the implantation of 

GranuGEL in the hindlimb ischaemia model.   
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Figure 5.6: H&E staining of tissue sections showing the implantation of PLGA 7507 

TIPS microparticles into the hindlimb ischaemia model. Black arrows indicate 

evidence of blood vessel formation around the microparticles. Blue arrows indicate 

giant multinucleated cells.  

50 μm 100 μm 

Figure 5.7: H&E staining of tissue sections showing the implantation of PLGA 7507 

control microparticles into the hindlimb ischaemia model.  
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PLGA control microparticles were H&E stained and images (Figure 5.7) 

revealed that the microparticles had not migrated from the implant site and as 

with the TIPS microparticles, showed signs of degradation and deformation. 

The PLGA control microparticle sections were also stained for VWF, however 

no positive staining could be seen.  

 

 

  

  

Figure 5.8: VWF staining of tissue sections showing the implantation of PLGA 7507 

TIPS microparticles hindlimb ischaemia model. Black arrows highlight positive staining 

and indicate evidence of blood vessel formation.   

200 µm 100 µm 

a) b)   

Figure 5.9: VWF staining of tissue sections showing the implantation of PLGA 7507 

control microparticles hindlimb ischaemia model.  

100 µm 100 µm 
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H&E stained sections were examined for evidence of arteriogenesis. This was 

achieved by identifying collateral blood vessel formations in the gastrocnemius 

muscle and quantifying the vessel area, lumen area and vessel area/lumen 

area. Figure 5.10 shows images of representative collaterals and Figure 5.11 

shows the quantification of blood vessels (n=3). Results show that ischemic 

200 µm 

a) 

200 µm 

b) 

200 µm 

c) 

200 µm 

d)  

Figure 5.10: H&E stained tissue sections showing collateral blood vessels within the 

gastrocnemius muscle from each in vivo condition a) 7507 TIPS microparticle implantation b-

c) 7507 PLGA control microparticle implantation d) granugel only control e) no treatment 

control f) no ischaemia and no treatment control. 

500 µm  

e)  

200 µm 

f)  
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limbs receiving no treatment had significantly larger collateral vessel size and 

lumen size. Ischemic limbs treated with TIPS 7507 PLGA microparticles had 

significantly smaller collateral vessel size and lumen compared with PLGA 

smooth control microparticles, granugel and no treatment controls. There was 

a large significant difference in both the vessel area and lumen area between 

ischemic limbs with no treatment and non-ischemic controls. 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11: Quantification of collaterals from H&E staining a) outer vessel circumference 

measurements (µm) b) lumen circumference measurements (µm) c) vessel area (µm2) d) 

lumen area (µm2). (n=5) Ordinary one-way ANOVA = **** (P<0.0001). 
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To assess how the 7507 TIPS microparticles degraded in vivo and if the 

hindlimb ischaemia model effected the degradation rate of the material, 7507 

TIPS microparticles were implanted into the hindlimb ischemic model and 

limbs were harvested at 1, 3, 6, 12 and 24 weeks for evaluation. H&E images 

in Figure 5.12 display the TIPS microparticles at the different timepoints. 

Images reveal that the microparticles degraded over time, with only a few 

particles still visible after 24 weeks. The images show that the microparticles 

remain at the implant site even as they degraded. H&E stained tissue sections 

at 3 and 6 weeks reveal evidence of giant multinucleated cell attachment 

around the microparticles, but after 24 weeks these can no longer be seen. 

After 6 weeks muscle had started to form around the microparticles.  
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Figure 5.12: H&E staining of tissue sections showing the implantation of PLGA 7507 

TIPS microparticles into the hindlimb ischaemia model at weeks 1, 3, 6, 12 and 24 (n=1). 
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5.3.6 Analysis of in vivo Gene Expression 

The gene expression within samples that had undergone ischemic surgery 

and treated with TIPS PLGA microparticles were analysed for VEGF-A, FGF2, 

PDGFRA, PDGF and NRP1 expression. The samples were run through a 

series of thermal cycles and results normalised to Actin that acted as a 

reference gene. Results (Figure 13) reveal that there was a significant 

decrease in expression of VEGF-A and PDGFRA from mice with hindlimb 

ischaemia treated with PLGA control microparticles compared to TIPS PLGA 

microparticles. There were no other differences in expression between groups 

and tested genes. These experiments required further optimisation and 

protocol development.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13: Quantification of VEGF-A, PDGFA, PEGF, FGF2 and NRP-1 expression 

from qPCR (n=1). Where * = P<0.05, ** = P<0.01, *** = P<0.001 and **** = P<0.0001.      
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5.4 Discussion 

 

The hindlimb ischaemia model is a well-established pre-clinical model of PAD 

and is often utilised to investigate potential therapies. [66, 71, 91, 146, 334-

337, 339, 342, 344, 353-355] As with the pre-clinical polymer film studies (Part 

I. Chapter 6), pilot studies were performed to investigate the delivery of the 

biomaterials and their effect on revascularisation through laser doppler 

imaging and histological analysis.  

 

On order to administer the microparticles via a minimally invasive method, they 

had to be combined with a hydrogel. Aquaform gel was chosen as it is 

approved for clinical use as a wound healing gel, consisting of biocompatible 

and biodegradable polymers (grafted starch polymer and propylene glycol). 

[507] The Aquaform gel successfully aided delivery of the microparticles in 

vivo through injection. Laser doppler imaging and quantification revealed that 

there were no significant differences in reperfusion between groups treated 

with TIPS microparticles, PLGA control microparticles, Aquaform only and no 

treatment after 21 days (Figure 5.1). Tissues were processed through 

histology for further analysis. H&E staining (Figure 5.4) revealed that the limbs 

treated with Aquaform gel had developed large granulomas after 21 days. This 

could have contributed to the lack of revascularisation observed. To 

investigate this further, an alternative delivery vehicle was trailed. GranuGEL 

was selected as it is a clinically approved wound dressing that is comprised of 

a hydrogel and hydrocolloid (specifically pectin, sodium carboxy-

methlycellulose and proplene glycol). It is sterile, easily injectable and has 

been shown to remain at administration sites within wound care applications. 

[508, 509] Laser doppler analysis revealed that GranuGEL had not appeared 

to negatively affect the reperfusion of the limbs. H&E staining of the tissue 

sections showed no adverse effects of the hydrogel, advocating its safety for 

this use. Therefore, GranuGEL was selected to deliver microparticles in further 

in vivo studies. 

 

Quantification of laser doppler imaging results show that there were 

significantly higher reperfusion rates of ischemic limbs treated with TIPS 
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microparticles in comparison to control microparticles, no treatment and 

GranuGEL only controls after 21 days. This suggested that TIPS 

microparticles did not hinder revascularisation, but in fact aided it. Histological 

staining of the tissues revealed that the TIPS microparticles had remained at 

the implant site, highlighting their safety in vivo as they did not migrate. H&E 

staining (Figure 5.6) shows that host cellular infiltration had occurred, due to 

the high porosity of TIPS microparticles. This aided the ability of the 

microparticles to remain at the implant site, which in turn was promising when 

looking forward to future studies delivering cellularised constructs, as the 

chance of the cells remaining at the implant site and eliciting their therapeutic 

effect would be increased. In addition, safety concerns regarding the migration 

of microparticles [510] are addressed through histology images, revealing that 

the microparticles remained at the implant site even as they degraded, with 

microparticles visible up to 24 weeks (Figure 5.12).  

 

To further assess how the implantation of TIPS microparticles improved the 

reperfusion rate of the ischemic limbs, the tissues were processed through 

histology and stained for VWF, an endothelial cell marker. H&E staining 

(Figure 5.6) had indicated blood vessel formation around the TIPS 

microparticles and VWF staining (Figure 5.8) revealed positive staining for 

endothelial cells and thus blood vessel development. The implantation of 

control PLGA microparticles, GranuGEL and no treatment did not reveal 

evidence of blood vessel formation (Figure 5.9 and supplementary Figure 5.1). 

Additional evaluation could involve quantifying the capillaries as a ratio of 

capillary density to myofibers as this account for the differences in reperfusion 

rates seen between the ischemic limbs, as an increase in capillary to muscle 

fibres would allow an increase in blood perfusion of the muscle. [364] Higher 

capillary to myofiber ratios have been linked to an increase in angiogenesis 

and reperfusion of ischemic limbs in pre-clinical and clinical studies. [365-367] 

Despite this, these results, in combination with the laser doppler analysis, 

suggested that the implantation of 7507 TIPS microparticles promoted 

revascularisation in a pre-clinical model of PAD through promotion of 

angiogenesis. This was a promising result from what was intended as a proof 
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of concept pilot study to assess the feasibility of implanting these materials. 

        

It has been shown that reperfusion of ischemic limbs occurs through 

angiogenesis (the formation of capillaries from pre-existing vessels initiated 

through ischaemia) or arteriogenesis (the enlargement of arteries from pre-

existing arterioles through vasodilation). [369, 370] Preliminary investigations 

into the extent of arteriogenesis (Figure 5.10) indicated that the implantation 

of TIPS 7507 microparticles had a less evidence for arteriogenesis due to 

smaller vessel and lumen diameters compared to 7507 PLGA control 

microparticles, GranuGEL, no treatment and no ischaemia controls. This 

finding suggests that the implantation of 7507 TIPS microparticles increased 

reperfusion in ischemic limbs through angiogenesis, as however further 

studies (discussed Part I. Chapter 6) are required to confirm this. As 

arteriogenesis and angiogenesis occurs as a result from the activation of 

different pathways from different stimuli, simply angiogenesis is initiated by 

hypoxia and is driven by endothelial cells, and arteriogenesis is initiated by 

nitric oxide and an increase in shear stress. [369, 370, 450] The cellular 

interaction with the control materials could have increased shear stress, 

resulting in an increase in arteriogenesis, whereas contact with the rough, 

porous topography of TIPS-processed materials could have initiated the 

recruitment of endothelial cells, and thus blood vessel development via 

angiogenesis.  

 

The implantation of both TIPS microparticles and polymer films displayed an 

increase in reperfusion 21 days after ischaemia compared with controls 

(Figures 5.3). From Figure 6.4 in Part I. Chapter 6, it can be seen that the TIPS 

polymer films had a much greater increase in perfusion compared with control 

polymer films and no treatment controls in comparison to the implantation of 

TIPS microparticles compared to control microparticles groups. Despite this, 

when looking at the perfusion ratios of the TIPS microparticles at day 21 (1.4 

±0.5) and TIPS polymer films (0.9 ±0.2) the results are comparable, 

suggesting that both TIPS-processed materials increase reperfusion to similar 

levels. However, the control materials had different effects, with 7507 PLGA 

control polymer films having the least beneficial effect on reperfusion in the 
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hindlimb ischaemia model, with no increase in reperfusion seen after 7 days. 

PLGA control microparticles had an increase in perfusion ratio up to day 14, 

then a slight decrease measured at day 21. This could have been due to 

vasodilation effects, that often increase reperfusion up to 14 days in hindlimb 

ischaemia models. These results suggest that TIPS processed materials as 

either polymer films or microparticles can successfully induce angiogenesis in 

vivo. 

 

The presented in vivo work began as a proof of concept study, with the view 

to implant cellularised TIPS microparticles into the hindlimb ischaemia model 

for therapeutic angiogenesis. However, due to pro-angiogenic response of the 

acellular TIPS microparticles seen, they were evaluated further through qPCR 

in order to understand if there were differences in pro-angiogenic gene 

expression within the tissues. 

 

qPCR was utilised to analyse the expression of VEGF-A, PDGFRA, FGF2, 

PEDF, NRP-1 from ischemic tissues receiving TIPS microparticles, control 

microparticles, GranuGEL and no treatment. The optimisation of RNA 

extraction and qPCR techniques was discussed in Part I. Chapter 6.4. There 

was a significant difference between the expression of VEGF-A and PDGFRA, 

with lower levels expressed by PLGA  7507 control microparticle groups in 

comparison to TIPS 7507 microparticle groups. No further conclusions could 

be drawn from qPCR results as unfortunately, due to time constraints as well 

as a limited number of samples, additional qPCR experiments were not 

possible. Ideally the qPCR would be optimised, and further testing performed. 

 

There is evidence that the implantation of acellular biomaterials alone can be 

an effective treatment for ischemic disease. It has been shown that fibrin 

microparticles implanted into a rabbit hindlimb ischaemia model by Fan et al., 

2006, resulted in increased capillary density determined through angiography. 

[61] DeQuach et al., 2012, administered a skeletal muscle matrix derived 

hydrogel into a preclinical model of PAD. It was reported that after 14 days 

there was an increase in arteriole and capillary density compared with 

controls. [345] Similarly, Ungerleider et al., 2016, administered an ECM based 
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hydrogel into a murine hindlimb ischaemia model. After 35 days treated limbs 

resembled healthy tissue and transcriptional studies showed an increase in 

blood vessel and muscle development after exposure to the biomaterial.  

 

The proposed mechanism of how acellular materials aid in regeneration is 

through providing mechanical support to the damaged tissue. [511] In addition, 

by providing an artificial niche in vivo the proximal cells can be encouraged to 

behave as the surrounding tissue would through mechanical, chemical and 

biochemical support from the material. [512] Specifically, biomaterials that 

mimic the ECM with high porosity and nano/micro topological surface features 

have been shown to improve in vivo cell behaviours by providing an anchor 

site for implanted cells, allow host cell attachment, for tissue integration and 

mechanical support. [513] When analysing the increase in the pro-angiogenic 

response from TIPS microparticles in comparison to control microparticles, the 

roughness and porosity of the TIPS microparticles can be accredited to the 

increase in reperfusion, as this characteristic is the primary difference between 

these two biomaterials. Furthermore, the implantation of a biomaterial could 

recruit cells to the implant site through the release of cell homing agents, 

perhaps through inflammation markers (as the implantation of biomaterials 

causes an inflammatory response). [396] 

 

Biodegradable materials can support tissue regrowth up to the point that they 

degrade, and ideally until new functional tissue is formed and the material is 

no longer required. [512] Hence it is vital to select a material that has a 

degradation profile tuned to degrade at the rate required. PLGA processed 

through the TIPS procedure allows for this, as the porous TIPS structure 

degrades at a faster rate than smooth controls (Figure 2.2). As previously 

discussed, PLGA can be tuned through adjusting lactic acid and glycolic acid 

ratios to control the degradation rate and the TIPS process can be adjusted to 

produce materials with varying porosity that in turn can affect mechanical 

integrity. An in vivo degradation study of 7507 TIPS microparticles implanted 

into the hindlimb ischaemia model performed over 24 weeks revealed through 

H&E stained sections that the TIPS microparticles not only degraded from 1 

to 24 weeks, but also cell infiltration into the microparticles increased along 
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with the formation of muscle around the microparticles that was seen over time 

(Figure 5.12). This suggests there is little risk of the TIPS microparticles 

migrating after implantation and that they have integrated into the host tissue. 

This was promising as it suggests that the microparticles do not elicit a 

prolonged, chronic immune reaction after 24 weeks. Future work could explore 

the possibility of implanting alternative formulations of PLGA TIPS 

microparticles into the hindlimb ischemia model to explore the effects of 

different degradation rates on tissue regrowth and revascularisation of the 

ischemic limbs.  

 

The unique surface topography and structure of TIPS-based PLGA 

biomaterials have been shown to  elicit a pro-angiogenic response without the 

addition of biological agents or cells in a pre-clinical model of PAD. The use of 

an acellular treatment in the clinic would provide an ‘of the shelf product’ that 

could be immediately available, kept in long-term storage and prepared when 

needed. This, in turn, would be more economical than a cell-based therapy 

that would require isolation, culture and attachment of cells. In addition, by 

eliminating the introduction of a cell therapy to the body risks of tumorgenicity, 

emboli formation and uncontrolled differentiation of stem cells would not be 

considered risk factors with acellular treatments. [514, 515] 
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5.5 Summary 

 

This chapter was a pilot study that investigated the administration of PLGA 

7507 TIPS microparticles in a pre-clinical model of PAD. TIPS microparticles 

were successfully implanted into the hindlimb ischaemia model via minimally 

invasive injection with the aid of a hydrogel. Laser doppler imaging revealed 

that the TIPS microparticles resulted in a significantly higher reperfusion rate 

of the ischemic limb after 21 days in comparison to smooth PLGA and 

polystyrene control microparticles. 

 

Histological analysis revealed that the microparticles remained at the implant 

site, indicating that in future studies involving the implantation of cellularised 

constructs, the cells would be able to remain at the implant site and have their 

therapeutic effect. Further evaluation has indicated blood vessel formation 

around the TIPS microparticles through positive VWF staining as well as 

cellular cell infiltration into microparticles through the radiating pores. 

 

H&E stained tissue sections were analysed for evidence of arteriogenesis. 

Preliminary results revealed that there was more evidence of arteriogenesis 

within control groups in comparison to TIPS microparticle group, indicating that 

the increase in revascularisation seen with the TIPS microparticles is more 

likely from the formation of capillaries through the angiogenesis.  

 

The unique surface topography and structure of acellular TIPS based PLGA 

constructs have been shown to support the host tissue, promote 

revascularisation, facilitate cell infiltration and activate pathways that result in 

capillary formation and illicit a pro-angiogenic response through the host tissue 

reaction to the nano and micro surface characteristics. These findings open 

up the possibility of utilising TIPS-processed polymers for a non-invasive 

treatment of PAD.  
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5.6 Supplementary Information 

 

S5.1 Laser doppler imaging of the paws of mice. Hindlimb ischemia performed 

in the right limbs and images taken immediately surgery and at weeks 1 and 

3. Post-operative images reveal that ischemia was successfully induced. 

Week 3 images show that TIPS and control microparticles had rates 

reperfusion in comparison to aquaform gel and no treatment controls.  
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S5.2 VWF staining of a-b) No treatment control c-d) GranuGEL only control e-

f) No ischaemia control. No positive staining was seen in any of the control 

groups. 
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Part II. 

Chapter 6: Investigation of Putative Biological 

Mechanisms Responsible for the In Vivo Pro-

Angiogenic Effect of Acellular TIPS-Processed 

Substrates 

 

 

6.1 Introduction 

 

The immune response to biomaterials was described in Part I. Section 7.1.1. 

Briefly, an immune response will always occur upon the implantation of a 

biomaterial, especially if it is an allograft or synthetic material that the body 

recognises as foreign. [396] This response will usually resolve or develop into 

a prolonged chronic immune response through the differentiation of 

macrophages into type 1 (M1) or type 2 (M2), where M1 cells promote 

inflammation and M2 cells promote regeneration and angiogenesis. [396-403] 

The outcome of the immune response is dependent on many factors, including 

the physical characteristics of the biomaterial. These characteristics include; 

degradability, porosity, roughness, hydrophobicity and stiffness. [396, 402, 

409-411, 445] This chapter explores the immune response to 7507 PLGA 

TIPS microparticles through the examination of in vivo implanted acellular  

TIPS microparticles from Part I. Chapter 5 and the study of the in vitro 

response of M0/M1/M2 macrophages seeded onto TIPS microparticles in 

hanging drop plates. 
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6.2 Methods 

 

6.2.1 Histological Analysis of Tissue Sections 

Immunohistochemistry for anti-CD163 (1:500, ab182422, Abcam, UK) and 

anti-CD80 (1:50, ab64116, Abcam, UK) on tissue sections from the in vivo 

implantation of 7507 PLGA TIPS microparticles (Part I. Chapter 5) was carried 

out as described in Part I. Section 6.2.3.2. 

 

6.2.2 TCP-1 Cell Culture 

Human monocytic THP-1 cells were cultured as described in Part I. Section 

7.2.2. 

 

6.2.3 Differentiation of TCP-1 Cells into Macrophages 

TCP-1 cells were differentiated into macrophages (M0) as described in Part I. 

Section 7.2.3. 

 

6.2.4 Differentiation of Macrophages into Classical Macrophage Type 1 

Phenotype  

M0 cells were differentiated into type 1 phenotype (M1) macrophages as 

described in Part I. Section 7.2.4. 

 

6.2.5 Differentiation of Macrophages into Alternative Macrophage Type 

2 Phenotype  

M0 cells were differentiated into type 2 phenotype (M2) macrophages as 

described in Part I. Section 7.2.5. 

 

6.2.6 Cellularising PLGA TIPS Microparticles 

7507 TIPS microparticles were prepared as described in Part I. Section 2.2.1.  

Macrophages were combined with TIPS microparticles as described in in 

hanging drop plates as described in Part I. Section 3.2.3.   

Each 7507 TIPS microparticle was cultured with 500 M1 or M2 cells in 45 µL 

of M1 or M2 differentiation medium. 35 µL of the supernatants were removed 
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from each well at days 1, 4, 7 and 10, frozen and each well was replenished 

with 45 µL of fresh M1 or M2 differentiation media.  

 

To assess how seeding onto TIPS microparticles effected the differentiation of 

M0 cells, 7507 TIPS microparticles were seeded with 500 M1 or M2 cells in 

45 µL of differentiation medium and cultured for 24 hours in complete RMPI-

1640 media. After 24 hours 40 µL of the media was removed and 40 µL M1 or 

M2 media was added. 35 µL of the supernatants of each well was removed at 

days 1, 4, 7 and 10, frozen and each well was replenished with 45 µL fresh 

differentiation media. 

 

To investigate the effect of M1 and M2 supernatants of ADMSCs, 7507 TIPS 

microparticles were cultured with 500 ADMSCs in 45 µL complete MesenPro 

RS media and cultured for 24 hours. After 24 hours the 35 µL of MesenPro RS 

media was removed and 35 µL of supernatants collected from M1 or M2 cells 

was added. The supernatants collected from each well were removed at days 

1, 4, 7 and 10, frozen and each well was replenished with 45 µL M1 or M2 

supernatants. 

 

6.2.7 Assessing Macrophage Behaviour on TIPS Microparticles  

 

Enzyme-linked Immunosorbent Assay (ELISA) (DY293B, R&D Systems, UK) 

was used to determine the extent of the M1 and M2 differentiation, as well as 

the amount of IL-12 p70 released into the supernatants of the samples from 

and microparticles (n=3).   

 

VEGF163 ELISA (DY293B, R&D Systems, UK) was carried out as described in 

Part I. Section 5.2.2.1. 

 

6.2.8 Statistical Analysis 

Statistical Analysis methodology was described in section Part I. Section 

2.2.11. 
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6.3 Results 

 

6.3.1 Histological Analysis of Tissue Sections 

 

Implantation of 7507 TIPS microparticles into the hindlimb ischemia model 

showed evidence of multinucleated giant cell formation at the surface of the 

materials, highlighted by H&E staining (black arrows) in Figure 6.1.  To 

investigate the identity of these cells, anti-CD163 immunostaining was used to 

identify the presence of type 1 phenotype macrophages (M1) and anti-CD80 

immunostaining was used to identify the presence of type 2 macrophages 

(M2). Figure 6.2 showed no evidence of positive anti-CD80 staining around 
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Figure 6.1: Macrophage Cell Evidence around 7507 TIPS Microparticles implanted 

into a pre-clinical models of peripheral artery disease.    
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Figure 6.2: Anti-CD80 staining on 7507 TIPS Microparticles implanted into a pre-

clinical models of peripheral artery disease.      
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Figure 6.3: Anti-CD163 staining on 7507 TIPS Microparticles implanted into a 

pre-clinical models of peripheral artery disease.      
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7507 TIPS microparticles. Tissue sections stained for anti-CD163 (Figure 6.3) 

revealed inconclusive positive staining. Red arrows indicate possible positively 

stained anti-CD163 cells.  

 

6.3.2 Differentiation of TCP-1 Cells into Macrophages 

 

THP-1 cells were differentiated into macrophages and then into M1 and M2 

phenotypes. To ascertain if the differentiation had been successful an IL-12 

p70 ELISA was performed. M1 (and not M2) macrophages secrete IL-12 p70. 

Figure 6.4 revealed successful differentiation through increased expression of 

IL-12 p70 from M1 cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7.3.3. Assessing Macrophage Behaviour on TIPS Microparticles   

 

M0 macrophages were seeded on 7507 PLGA TIPS microparticles in hanging 

drop plates. The M0 cells were differentiated into either M1 or M2 phenotype 

macrophages to assess how the materials affected the ability of the cells to 

differentiate. The supernatants from each sample was measured for IL-12 

Figure 6.4 : IL-12 p70 secretion from M1 and M2 phenotype macrophages (n=5) 

Where * = P<0.05, ** = P<0.01,  *** = P<0.001 and **** = P<0.0001.   
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levels. Figure 6.5 revealed that attachment to 7507 PLGA microparticles did 

not hinder the differentiation of M0 macrophages as high levels of IL-12 were 

secreted from M1 cells, which also increased over time. The low secretion of 

IL-12 from M2 cells confirms this phenotype. 

 

The supernatants were measured for VEGF secretion to assess the 

angiogenic activity of the macrophages seeded onto 7507 TIPS microparticles 

in hanging drop plates. Figure 6.6 revealed high levels of VEGF secreted from 

M2 like macrophages, with higher concentrations of VEGF detected from cells 

after 10 days in comparison to day 4 (1100 99 pg/mL and 720 46 pg/mL 

respectively). M1 macrophages had very low secretion of VEGF at day 1 and 

4, with an increase after 10 days (30 14 pg/mL and 340 3 pg/mL 

respectively), with a lower secretion from M1 like macrophages in comparison 

to M2 like macrophages.  

 

To assess how exposure to macrophage secretomes affected the TIPS 

microparticles cellularised with ADMSCs, the microparticles were seeded with 

ADMSCs and exposed to the supernatants from M1 or M2 cells. When  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5: IL-12 p70 secretion (pg/mL) from M0 macrophages differentiated into M1 (One-way 

ANOVA = **** (P<0.0001) and M2 phenotype macrophages attached to PLGA 7507 TIPS 

microparticles at days 1, 4, 7 and 10. (n=5)  
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exposed to M2 secretomes, ADMSCs secreted increased levels of VEGF from 

day 1 to 10 (1800 300 pg/mL and 4300 pg/mL respectively). The ADMSCs 

seeded onto 7507 TIPS microparticles exposed to M1 secretomes secreted 

much lower levels of VEGF that did not vary over the time points, with an 

overall VEGF concentration after 10 days of 1300 pg/mL.  

 

Figure 6.8 compares the VEGF secretion from ADMSCs seeded onto 7507 

TIPS microparticles at day 10 determined in Part II. Section 4.3.1 to the 

secretion of VEGF from ADMSCs exposed to M1 or M2 secretomes after 10 

days seeded onto 7507 TIPS microparticles. There was a significant increase 

in the VEGF secreted from ADMSCs exposed to M2 secretomes in 

comparison to standard culture conditions (ADMSC complete media) and M1 

secretomes (4300 5 pg/mL, 1415 490 pg/mL and 1325 15 pg/mL 

respectively). The addition of M1 secretomes had not influenced the secretion 

of VEGF from ADMSCs in comparison to standard culture conditions.  

 

 

Figure 6.6: VEGF165 secretion (pg/mL) from M1 and M2 (One-way ANOVA = ** (P=0.001) 

phenotype macrophages attached to PLGA 7507 TIPS microparticles at days 1, 4, 7 and 10. 
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Figure 6.8: VEGF165 secretion (pg/mL) from ADMSCs attached to PLGA 7507 TIPS 

microparticles at day 10 in hanging drop plates in ADMSC culture media and 

exposed to M1 or M2 macrophage secretomes. M1 and M2 cells seeded onto 7507 

TIPS microparticles VEGF secretion at day 10. Where * = P<0.05, ** = P<0.01,  *** 

= P<0.001 and **** = P<0.0001. Ordinary one-way ANOVA = **** (P<0.0001)  

A
D
M

S
C
s

A
D
M

S
C
s 
+ 

M
1 

S
ec

re
to

m
es

A
D
M

S
C
s 
+ 

M
2 

S
ec

re
to

m
es M

1
M

2 
0

1000

2000

3000

4000

5000

V
E

G
F

 C
o
n
c
 p

g
/m

l

****

ns

***

**

Figure 6.7: VEGF165 secretion (pg/mL) from ADMSCs attached to PLGA 7507 TIPS 

microparticles at days 1, 4, 7 and 10 exposed to M1 (One-way ANOVA = ** (P=0.0072)) 

and M2 (One-way ANOVA = * (P=0.033)) macrophage secretomes. (n=5) 
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6.4 Discussion 

 

Examination of implanted 7507 PLGA TIPS microparticles into a pre-clinical 

model of PAD revealed the attachment of multinucleated giant cells to the 

surfaces of the TIPS microparticles (Figure 6.1). To identify these cells, two 

stains for M1 and M2 macrophages were utilised.  As with the studies involving 

the implantation and examination of TIPS polymer films, (Part I. Chapter 7 

Figure 7.3) tissue staining with TIPS microparticles revealed no indication of 

positive anti-CD80 staining (Figure 6.2). Tissue sections implanted with TIPS 

polymer films did show some evidence of anti-CD163 positive staining, (Part 

I. Figure 7.2) however anti-CD163 staining on tissue sections with TIPS 

microparticles was inconclusive (Figure 6.3). To conclusively identify the 

multinucleated giant cells attached to the implanted TIPS microparticles 

(Figure 6.1) further staining is required. Further staining could be performed to 

identify if the cells are macrophages using anti-CD86, [516, 517] F4/80 [518] 

or anti-CD11, [519] and if confirmed alternative antibodies for differentiated 

macrophages could be explored, such as CD68 for M1 [520] and CD206 for 

M2. [521] It has been established that identifying macrophage phenotype can 

be difficult due to the large number of similar proteins expressed by both M1 

and M2 cells, such as CD86 or major histocompatibility complex II (MCH-II). 

[521-523] In addition, M2 macrophages have four subtypes (M2a, M2b, M2c 

and M2d). [422, 442, 459] The subtypes of M2 macrophages express different 

markers. M2a and M2c express CD163 and CD206, M2b expresses CD86 

and M2d cells express VEGF. [422, 524, 525] Therefore, the cells seen around 

the TIPS microparticles in Figure 6.1 could be subtype of M2 macrophages 

that was not detected by anti-CD163. The data from the VEGF ELISA also 

suggest that the cells present could be M2d cells as this subtype of M2 

macrophages are known to secrete VEGF, which would support data from Part 

II. Chapter 5 that revealed that the implantation of TIPS microparticles led to 

improved reperfusion of ischemic limb. Thus, these data provide a tentative 

mechanism for the pro-angiogenic effect of TIPS microparticles in vivo.   

 

In vitro analysis provided evidence that M0 macrophages successfully  
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differentiated into M1 and M2 phenotypes through the increased secretion of 

the M1 marker IL-12 from M1 cells (Figure 6.4). [424] Figure 6.5 revealed that 

the secretion of IL-12 increased over time when seeded onto 7507 TIPS 

microparticles, suggesting that the material did not inhibit M1 cell behaviour or 

proliferation. It has been established that M1 activity can be maintained and 

stimulated through the attachment to porous materials. [427-430] Therefore, 

an increase in IL-12 secretion was not unexpected considering that the TIPS 

microparticles maintain a porous topography after 10 days (SEM images in 

Part II. Chapter 2).  

 

The increase in a pro-inflammatory response, seen through an increase in M1 

like cell activity (increase in IL-12p70 secretion in Figure 6.5) to the TIPS 

microparticles may not be a negative reaction, as it has been shown that 

porous materials resolve pro-inflammatory responses more successfully than 

smooth materials. [431-435] This resolution is promoted by the presence of 

M2 cells. Figure 6.5 showed that M2 phenotype was maintained (through low 

IL-12 secretion). In addition, M2 cells secreted high levels of VEGF that 

increased from day 1 to day 10, suggesting that attachment to TIPS 

microparticles promoted proliferation and the pro-angiogenic behaviour of M2 

cells. There was also an increase in the VEGF produced from M1 cells over 

time, suggesting that M1 cells could have differentiated into M2 cells in 

response to the TIPS microparticles, where it has been shown that 

macrophages can switch between phenotypes in response to external 

conditions. [526] This is promising for the administration of TIPS microparticles 

in vivo as if M2 cells are able to survive once attached to the microparticles 

and if M1 cells differentiate into M2 cells, the inflammatory response will 

resolve quiker therefore reducing the risk of infection or failure of the implant.  

 

Chapter 4 revealed that ADMSCs seeded onto 7507 TIPS microparticles 

exhibited pro-angiogenic properties in vitro in comparison to smooth 

microparticle controls. To investigate how the secretomes from M1 and M2 

macrophages effected ADMSCs angiogenic behaviour, 7507 TIPS 

microparticles cellularised with ADMSCs were exposed to M1 and M2 

secretomes and the VEGF secretion was measured. ADMSCs exposed to M2 
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secretomes showed an increase in VEGF expression, which can be attributed 

to the additional VEGF secreted from the M2 cells (Figure 6.6) or other factors 

secreted by M2 macrophages could have stimulated VEGF secretion from 

ADMSCs. It has been shown that M2 macrophages secrete additional pro-

angiogenic factors such as PDGF-AA, uPA and MMP-9, [423, 527] where 

PDGF has been shown to regulate the secretomes from ADMSCs, [528] 

specifically the expression of VEGF. [267, 529] The large increase in VEGF 

secretion from ADMSCs exposed to M2 secretomes was higher than both 

ADMSCs alone and M2 alone VEGF concentrations at day 10 (Figure 6.8), 

this suggests that the increase in VEGF was due to a paracrine effect of the 

M2 macrophages stimulating pro-angiogenic behaviour of ADMSCs. This is 

promising for future studies administrating cellularised TIPS microparticles in 

vivo to treat ischemic disease, as the ADMSCs, TIPS topography and the 

macrophage response associated with tissue implantation could be an ideal 

combination to initiate blood vessel formation through promotion of VEGF.  

 

When comparing the amount of VEGF secreted from ADMSCs in hanging 

drop plates measured in Chapter 4 Figure 4.2b it can be seen in Figure 6.8 

that there was no significant difference between ADMSCs exposed to M1 

secretomes and ADMSCs maintained in standard culture conditions, 

suggesting that M1 macrophages did not hinder ADMSC pro-angiogenic 

behaviour. When considering the use of cellularised TIPS microparticles in 

vivo to promote angiogenesis, these results are encouraging because 

exposure to M1 secretomes did not block the VEGF secretion from ADMSCs. 

In fact, M1 cell behaviour increased in response to TIPS microparticles, 

through an increase in secretion of IL-12p70 seen in Figure 6.5. There was 

evidence that M1 macrophages had begun to differentiate into M2 

macrophages after exposure to TIPS microparticles (as indicated by increase 

in VEGF secretion in Figure 6.6). To confirm this, further investigation would 

be required to identify the presence of M2 cells.  

 

Figure 6.8 had revealed that ADMSCs exposed to M2 secretomes produced 

high levels of VEGF, it is hypothesised that when implanted in vivo, the initial 

immune response comprising of M1 cells could become pro-angiogenic. 
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6.5 Summary 

 

This chapter explored the putative biological mechanism responsible for the in 

vivo pro-angiogenic effect of acellular TIPS microparticles. Initial work involved 

investigating the identity of multi-cellular giant cells that had attached to the 

TIPS microparticles in vivo (Figure 6.1). Immunostaining for anti-CD80 as a 

marker for M1 cells (Figure 6.2) and anti-CD163 for M2 cells (Figure 6.3) was 

inconclusive, and further investigations using different antibodies to alternative 

markers is required. M2 macrophages have four subtypes and M2d 

macrophages are not detected by anti-CD163, but by VEGF secretion. It is 

postulated that the cells found attached to the implanted TIPS microparticles 

were M2d cells and this in turn contributed to the pro-angiogenic response 

seen in Chapter 5 through increased reperfusion rates and blood vessel 

formation.  

 

In vitro studies examining the effect of TIPS microparticles on M1 and M2 

behaviour revealed that exposure to the unique TIPS surfaces did not obstruct 

macrophage behaviour, where M1 cells produced high levels of IL-12 and M2 

cells produced increased quantities of VEGF over time. There was also an 

increase in VEGF secretion from M1 cells, suggesting that they may have 

begun to differentiate into M2 phenotype.  

 

The immune response to TIPS microparticles cellularised with ADMSCs was 

investigated. It was discovered that M2 secretomes had a stimulatory effect 

on the secretion of VEGF from ADMSCs through paracrine effects. These 

finding suggest the foreign body response observed with the implantation of 

TIPS microparticles could contribute to a pro-angiogenic effect that might be 

beneficial. The impact of the angiogenic response on arteriogenesis and 

functional vasculature requires further investigation.  
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Conclusions 

 

To address the hypothesis of this project, that ‘hierarchical textured surface 

topographies promote the secretion of angiogenic growth factors for 

therapeutic angiogenesis’, multiple strategies were employed. Firstly, a range 

of biomaterials were manufactured through the TIPS process into 2D polymer 

films. After initial physical and biological characterisation, where it was 

revealed that TIPS-processed PLGA had superior roughness and stiffness 

than smooth controls and had an interconnected porous structure, it was 

determined that 7507 and 7502 PLGA would be studied further in comparison 

to controls to evaluate how surface topography effected cell behaviour. 

 

Initially the strategy of this study was to begin investigations with 2D polymer 

films as they provided advantages such as ease of manufacture, 

reproducibility and were able to be characterised with a range of techniques, 

then the focus of the project would have shifted to microparticles, that can be 

delivered in vivo via minimally invasive methods. However, as it was 

uncovered that ADMSCs (selected due to their pro-angiogenic properties) 

elicited an increased pro-angiogenic response when attached to TIPS films 

over smooth controls, the polymer films were studied further.  

 

Pilot studies involving the implantation of the TIPS polymer films originally 

aimed to investigate the ease of implantation, migration, degradation and host 

response to the material, revealed unexpected results. The implantation of 

acellular 7507 PLGA TIPS films increased the revascularisation of ischemic 

limbs, and subsequent immunohistochemistry identified the presence of blood 

vessels around the implants. These findings open up the possibility of utilising 

2D polymer films to treat PAD, without the addition of biological agents.   

 

Studies into the in vitro pro-angiogenic response of ADMSCs attached to 

TIPS-processed polymers uncovered that ADMSCs attached to 7507 TIPS 

microparticles had the highest VEGF secretion per cell overall, indicating that 

this may be the optimal material for therapeutic angiogenesis. TIPS 

microparticles were cellularised using a novel hanging drop method, that 
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allowed for more control over cellularisation and eliminated the effects of 

tissue culture surfaces. 7507 TIPS microparticles were successfully 

administered into a pre-clinical model of PAD via minimally invasive injection, 

and as with the TIPS films, acellular TIPS microparticles stimulated a pro-

angiogenic response in vivo where blood vessels had formed around the 

implants. Histological analysis revealed that TIPS-processed substrates had 

not migrated, highlighting their safety in vivo and indicating that in future 

studies involving the implantation of cellularised constructs, the cells would be 

able to remain at the implant site and have their therapeutic effect.  

 

From the pre-clinical studies, the inflammatory response towards the 

implanted biomaterials was investigated. Evidence of inflammatory cells were 

seen around the implanted TIPS materials, and their identification was 

attempted. Preliminary results were negative for pro-inflammatory M1 

macrophages and there was some evidence for pro-angiogenic M2 

macrophages around the TIPS-processed substrates. It is proposed that the 

cells found attached to the implanted TIPS materials were M2d cells (that 

secrete VEGF) and this in turn contributed to the pro-angiogenic responses 

seen through increased reperfusion rates of the ischemic limbs and blood 

vessel development. In vitro studies revealed that exposure to the unique TIPS 

surfaces did not obstruct macrophage behaviour. There was also an increase 

in VEGF secretion from M1 cells upon exposure to 7507 PLGA TIPS-

processed substrates, suggesting that they may have begun to differentiate 

into M2 phenotype, with links to blood vessel development, regulation of 

angiogenesis and vascular development uncovered through protein profiling, 

however further work is required to establish this.  

 

In conclusion, it has been shown that hierarchical textured surface 

topographies resulted in the increase in secretion of angiogenic growth factors 

from ADMSCs. it has been demonstrated that the TIPS process can be utilised 

to make a range of substrates, that can be used for tissue engineering 

applications. In addition, the pro-angiogenic behaviour of the acellular TIPS-

processed substrates were demonstrated in a pre-clinical model of PAD, 

indicating the potential use of biomaterials for therapeutic angiogenesis.  
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Future Work 

 

From the results presented from this project, there are various directions future 

research could investigate. This work primarily focused on characterising the 

physical properties of PLGA 7507 10 wt% films and microparticles (selected 

from initial screening of polymers in Part I. Chapter 2), the response of 

ADMSCs to this composition of PLGA as well as the effect in a pre-clinical 

model of PAD. However, there are numerous formulations of PLGA, therefore 

future work could focus on screening a wider range of TIPS processed 

polymers to assess the optimum properties for therapeutic angiogenesis. Such 

properties include lactic acid to glycolic acid ratios, inherent viscosity, material 

shape, mechanical integrity, porosity and degradation rate, that can in turn 

influence the therapeutic potential. There are additional methodologies that 

can be employed to characterise the TIPS-processed structures. For example, 

due to the limitations of AFM, the roughness and stiffness of microparticles 

was not possible, therefore they could be analysed through optical 

profilometry. [486] Porosity can also be quantified through mercury intrusion 

porosimetry, nitrogen adsorption and helium porosimetry. [530, 531] However, 

further Nano-CT analysis would also yield quantitative information on the 

porosity of the TIPS polymer films and microparticles.  

 

An experiment utilising the NanoCT scans was planned, however because of 

time constraints it was not possible to execute. The NanoCT scans of the 

surface of the 7507 TIPS polymer films were obtained, with increasing levels 

of smoothness created through manipulation of the images. The intention was 

to 3D print the structures with a non-degradable material. From this, ADMSCs 

would be attached to the films and the angiogenic response assessed. The 

rational from this study would have been to uncover if the pro-angiogenic 

response seen from ADMSCs seeded onto TIPS surfaces was from the 

topography, how decreasing the topography effected cell behaviour and if the 

pro-angiogenic response was induced by the biodegradable PLGA. 

 

Investigations into the in vitro effect of ADMSCs seeded onto TIPS polymer 

films (Part I. Chapter 5) and TIPS microparticles (Part II. Chapter 4) revealed 



 299 

pro-angiogenic responses to 7507 TIPS-processed substrates. Proteome 

profiler arrays and angiogenesis arrays were utilised to identify the underlying 

mechanism of action. Several biological processes were discovered, and it 

was concluded that multiple pathways may be involved in promoting the 

increase in VEGF165 secreted from ADMSCs when seeded onto TIPS-

processed substrates. Further work is required to discover the pathways 

activated to further understand the effect of TIPS-processed substrates on 

ADMSCs, that can be achieved through blocking specific kinases with 

inhibitors, using intracellular fluorescent indicators, biochemically analysing 

signal transduction, [532] RNA interference screening [533] and functional 

genomics. [534] 

 

There is also increasing evidence suggesting that subjecting ADMSCs to 

hypoxic conditions can improve their proliferation, differentiation and pro-

angiogenic properties. [535-538] Therefore, it would be interesting to consider 

the effects of hypoxia on the behaviour of ADMSCs when attached to TIPS-

processed PLGA. To achieve this, a hypoxia chamber can be utilised to induce 

hypoxia in vitro. In addition, by subjecting the cells to hypoxic conditions it 

would be more representative of the ischemic environment found in vivo 

allowing for a more accurate study and understanding of cellular responses. 

A novel methodology for cellularising microparticles was divulged in Part II. 

Chapter 3. The hanging drop method allowed for a higher degree of control 

over cell attachment to microparticles. The development of this method opens 

up the possibility for engineering automated technology to allow for the scaling 

up of this process. This would be beneficial for streamlining the preparation of 

ADMSCs attached to TIPS microparticles a potential therapeutic for PAD. 

The initial aims of pre-clinical studies (Part I. Chapter 6 and Part II. Chapter 5) 

were to implant cellularised constructs into the hindlimb ischaemia model. 

However, the positive response seen from pilot studies involving the 

implantation of acellular constructs in the reperfusion of ischemic limbs were 

focused on. Consequently, due to time constraints, the implantation of 

cellularised constructs was not possible. Despite this, it would be noteworthy 
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to assess the effects of cellularised constructs in vivo, especially considering 

the in vitro pro-angiogenic response from ADMSCs seeded onto both 7507 

TIPS polymer films and microparticles. To achieve this, immunocompromised 

mice would be used with appropriate controls, such as the implantation of 

ADMSCs in suspension, to identify if the addition of a biomaterial effected cell 

retention at the implant site, as well as cellular behaviour in vivo. One of the 

key questions to be answered from the in vivo implantation of cellularised 

constructs is if the ADMSCs will differentiate into endothelial cells or recruit 

endothelial cells through secretion of angiogenic growth factors to promote 

angiogenesis. This would result in a better understanding of how the cells 

respond in the hindlimb ischaemia model and how angiogenesis is promoted 

in this environment. In addition, the ADMSCs can be modified with 

bioluminescence and tracked in vivo to monitor cell migration. [539] This would 

not only address safety concerns (of stem cell migration, uncontrolled 

proliferation and differentiation) [540] but would also be vital as one of the 

rationales for using biomaterials in combination with cell therapy is that they 

will allow the cell to remain at the implant site and to have their therapeutic 

effect.  

 

Preliminary evaluation into the extent of arteriogenesis were explored (Part I. 

Chapter 6 and Part II. Chapter 5). However, to fully assess arteriogenesis in 

comparison to angiogenesis (that is studied through endothelial cell staining), 

further surgery is required where probes are implanted into the hindlimbs of 

mice to stimulate the gascilis anterior muscle with subsequent blood pressure 

measurements performed. [373, 377-379] These experiments can help 

establish if any improvement in reperfusion observed (through laser doppler 

imaging) is due to arteriogenesis or angiogenesis, and through this the 

mechanism of action can begin to be understood.  

 

As discussed in Part I. Chapter 6 and Part II. Chapter 5, the genetic analysis 

of tissues from the pre-clinical studied required optimising. This was not 

possible due to a limited number of samples and time restraints. It would be 

worthwhile to explore the differences in (angiogenesis related) gene 

expression between ischemic tissues treated with TIPS and control materials, 
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as there were significant differences between the reperfusion rates between 

these groups to further understand the increased reperfusion seen in the 

ischemic limbs from the implantation of TIPS biomaterials.  

 

In Part I. Chapter 6, Wars2 was identified as a gene that was promoted in 

ischemic limbs treated with 7507 TIPS polymer films in comparison to control 

PLGA polymer films. Wars2 has been shown to promote angiogenesis through 

increasing endothelial cell migration, proliferation and capillary formation. 

[393-395] Therefore, future work could focus on ascertaining how TIPS 

surfaces influence Wars2, and if in turn this is a key factor in the observed pro- 

angiogenic responses seen in vitro and in vivo. 

 

Finally, there is a large scope for research opportunities that can come from 

work investigating the inflammatory response to TIPS-processed materials in 

Part I. Chapter 7 and Part II. Chapter 6. Stained tissue sections from pre-

clinical in vivo studies revealed evidence of an immune response to the 

implanted acellular TIPS-processed materials. Staining was attempted to 

identify the cells involved, however additional staining for either different 

macrophage markers or other immune cells was required. The in vitro 

response of macrophages to TIPS-processed PLGA was examined and 

preliminary results suggested that TIPS-processed substrates may be more 

advantageous than smooth and non-degradable polymers as an effective 

treatment for ischemic diseases through the promotion of pro-angiogenic M2 

macrophage activity. However, further experimentation is required including 

M0 only controls and flow cytometry analysis to ascertain if the differentiation 

of M0 cells to M1 and M2 phenotypes was completely successful. 

Understanding the immune response to an implant can determine its success 

or failure, and in this case perhaps TIPS-processed materials can exploit the 

inevitable immune response to avoid chronic inflammation and promote 

angiogenesis.  
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