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Abstract 

The human nose is a complex 3-dimensional organ that in the event of damage or 

disease can dramatically alter an individual’s profile. In recent decades, 

rhinoplasties have become one of the most sought after cosmetic procedures, 

evidencing a public tendency to view the nose as being crucial to the perception of 

facial attractiveness. For a subset of patients who suffer extensive damage to the 

nose, the lasting physical effect has devastating consequences. Severe 

disfigurement of the nose can cause patients to suffer from psychosocial issues, 

ranging from poor body image and low self-esteem, to depression and suicidal 

thoughts. For centuries dating back to 600BC, reconstructive surgeons have 

developed methods for transplanting tissues from different parts of the body to 

reconstruct this important organ. The overall aim has been to produce a nose as 

close to normal anatomy and function as possible, using a series of staged 

operations, together termed a Total Nasal Reconstruction. In recent years however, 

the field of tissue engineering has opened up a wealth of opportunities to solve the 

dilemmas of the reconstructive surgeon. Major advancements in cell biology and 

scaffold technology have meant that the application of tissue engineering 

methodology to clinical problems is nigh.  The ability to engineer bespoke tissues 

for patients, would in theory minimize the need for donor tissue transplantation, 

simplify the surgery, and therefore improve clinical outcome. For this reason, this 

study aimed to apply the paradigm of tissue engineering to nasal reconstruction, 

developing a cartilaginous construct that could be used to advance this surgical 

procedure.   
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Fig 1.1 Partial Rhinectomy. Post operative defect site after a partial nasal resection 

to remove a squamous cell carcinoma in a 63 year old gentleman. This image was 

taken courtesy of Dr Mark Lawrence. Department of Maxillofacial Surgery, 

Nottingham University Hospital, Nottingham, U.K. 

Fig 1.2 Tissue engineered ear implanted into subcutaneous skin pockets on the 

dorsa of athymic mice. Polyglycolic acid-polylactic acid polymer auricular shaped 

scaffold were seeded with bovine articular chondrocytes. The constructs were in 

vivo for 12 weeks. Neo-cartilage established histologically and and morphologically, 

with the overall geometry resembling a human ear. (Cao et al. 1997).  

Fig 1.3 Images of constructs made with POSS PCU that have been used in the 

treatment of patients. (A) POSS-PCU vascular graft. (B) POSS-PCU Lachrymal duct 

(C) POSS-PCU synthetic windpipe used after cellularization with stem cells. Images 

used with permission from Professor Alexander Seifalian, Claire Crowley and Ms 

Karla Chaloupka in the Division of Surgery, UCL, London. (Chaloupka, Motwani, & 

Seifalian 2011;Jungebluth et al. 2011a). 
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Fig 2.0 Images of the different layers of tissue that make up the human nose. It 

includes the muscular and vascular layer which are frequently described in 

conjunction with the skin and subcutaneous tissue layer, in the literature.  

Fig 2.1 An illustration of the concept of tissue engineering of nose shaped cartilage 

as a frame for nasal reconstruction. The aim is to harvest autologous chondrocytic 

cells and cultured them in a specially designed bioreactor on a 3D nasal construct 

made of synthetic material. This construct would then be placed on the forearm 

inside a pocket of expanded skin for a period of time to allow adequate 

vascularization. The forearm is illustrated here, but in theory any other area of well 

vascularized skin could be used. After a period of vascularization the construct 

would then be moved to the face, with the overlying skin from the arm as a flap, or 

a flap of skin from elsewhere. Image taken from (Oseni et al. 2011a). 
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Fig 2.2 Scanning electron micrograph of a cross section of ovine naso-septal 

cartilage.(A) Image taken at 125µm showing a number of chondrocytes positioned 

within lacunae on the cartilage surface. (B) Higher magnification image taken 10µm 

where the chondrocytes inside their respective lacunae can be clearly seen. Image 

taken from (Oseni, Butler, & Seifalian 2012a). 

Fig 2.3 A summary of the stages involved in differentiating MSCs into 

chondrocytes. The cell types observed during stages of chondrogenesis are 

represented schematically. The expression profile of the differentiation and growth 

factors is shown with a temporal relationship to the stage of chondrogenesis. 

Proteins that were characteristic of the ECM are shown in the lower part of the 

figure. Abbreviations: AP, alkaline phosphatase; CD-RAP, cartilage-derived retinoic 

acid-sensitive protein; Col, collagen; COMP, cartilage oligomeric protein; MMP, 

matrix metalloprotease; VEGF, vascular endothelial growth factor. Image taken 

from (Oseni et al. 2011d). 

Fig 2.4. Augmentation Rhinoplasty. An illustration of the injectable chondroid 

matrix used in the augmentation of the nasal dorsum in rhinoplasty procedures 

(Yanaga, Imai, & Yanaga 2009). 

Fig 2.5 Diagrammatic illustration of the integrin mediated interaction of cells with 

nanoparticles on scaffold materials. 

Fig 2.6 Schematic diagram of the structure of POSS PCU and the POSS nanocage. 

Chapter 3 

Fig 3.1 Human articular chondrocytes in culture. A) P1 chondrocytes at day 3 of 

culture. The majority of the cells have a rounded, dome-like 3D morphology 

characteristic of chondrocytes. B) P5 chondrocytes at day 3 of culture. The same 

rounded morphology is seen in a number of cells, however there are cells with a 

flatter appearance and more spindle shaped projections (arrow 1 and 2 

respectively), mimicking the fibroblast morphology and suggesting some level of 

dedifferentiation.  
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Fig 3.2 Human Bone Marrow Derived Mesenchymal Stem Cells. These cells are in 

culture at P2. Note the flatter, larger and spindle shaped appearance of these cells, 

similar to fibroblasts. They have finger like projections which are in contact with one 

another and probably mediate some cell behaviour.  

Fig 3.3 Haemocytometer. A small aliquot of the cell suspension is placed in the 

haemocytometer. Image a represents an area of 1mm2 which at a depth of 0.1mm 

gives a volume of 0.1mm3. When using a 1:1 dilution with Tryphan blue, the number 

of cells in the 10µl will equal An Average count of 4 squares x 104. 

Fig 3.4 Picogreen Calibration Curve. Control DNA correlated to fluorescent nm 

reading from the Thermo Scientific Fluroscan. Preliminary studies correlated the 

number of cells to this data and concluded that 1ng of DNA equated c.167 

chondrocytes (n=12, p<0.01).  

Fig 3.5 Instron mechanical testing machine. The instrument is connected to a 

computer with software for calculating the strain in the material at break and the 

force required to strain it to that point. 

Fig 3.6 Investigating wettability using Contact Angle. Due to the porous nature of 

the scaffolds samples that were investigated, the Captive Bubble method for drop 

application was used. The method is used for samples that need to be kept 

submerged in water to maintain optimal surface conformation (i.e. to prevent 

shrinkage of the material during testing). An air bubble is applied to the surface of 

the scaffold and the angle at which the bubble interacts with the scaffold is 

calculated.  Contact angle units are given in degrees θ. A) An image captured during 

the application of an air bubble to the surface of the substrate using a needle. B) A 

diagram depicting the angle θc that is used for calculating the contact angle when a 

water bubble is applied to a surface in air. The calculation is the same for captive 

bubble. It is the angle formed at the line of the solid liquid interface (γsl,) and the 

line of the liquid gas interface (γlg). (γsg is the line of the solid gas interface). 

Chapter 4 

Fig 4.0 Diagrams of the cross section of porcine (pig), human and ovine (sheep) 

noses. The diagrams show some level of conservation in the morphology in that all 
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three have a central nasal septum of hyaline cartilage acting as a strut for more 

lateral ‘alar’ cartilages. Using decellularized porcine/ovine cartilage could potentially 

provide an alternative scaffold for use in human nasal CTE. (Images taken from 

http://www.google.co.uk/imgres?q=normal+sheep+nasal+cavity) 

 

Fig 4.1 Results of predigest evaluation. (A) Cell yield after 1 hour predigest phase 

with dispase, hyaluronidase, pronsae and –ve control of no enzyme. (B) Cell yield 

after 1 hour with an added 010 hour 15% Coll II digest. (C) The percentage viability 

of the cells harvested after complete predigest and collagenase extraction. *** 

indicates that p<0.0001.  

Fig 4.2. Collagenase’ digest to optimize the concentration of collagenase enzyme 

that should be used to produced the greatest yield of healthy cells. (A) Number of 

cells that were isolated vs. 3 different collagenase enzyme concentrations (B) 

Percentage viability of the isolated chondrocytes according to tryphan blue live 

dead stain. (C) Numerical data to aid interpretation of the graph. Cell no is shown 

here against viability for each digest condition. The authors have highlighted the 

optimum condition.* indicates that p< 0.05 and *** indicates that p<0.0001. Data 

represents the mean ± SD (n=6). 

Fig 4.3 Immunohistochemistry of P2 chondrocytes seeded on tissue culture plastic 

in 24 well plates. (A) Quantum dot labelled Cd44. (B) FITC labelled Collagen II. (C) 

FITC labelled Collagen I. (D) FITC labelled Aggrecan.  

Fig 4.4 Histology staining of ECM proteins, collagen, proteoglycan and GAG in 

chondrocyte cultures of 4, 7, and 14 days. 

Fig 4.5 A summary of the optimum protocol to be used for chondrocyte isolation. 

Fig 4.6 Clinical Applications of POSS PCU. (A) A schematic diagram of the POSS 

nanocage. (B) The chemical structure of POSS PCU with the poly-carbonate back 

bone and POSS appendages. (C) POSS PCU polymer fabricated as a coronary artery 

bypass graft implanted in the sheep animal model. POSS PCU has undergone 3 years 

of pre clinical trials as a coronary artery bypass graft. (D) Photograph of the first 
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human implantation of the POSS PCU lachrymal duct system which has been 

successfully in situ for 1 year. (E) Photograph of the POSS PCU tracheal replacement 

which has used in the compassionate case of a gentleman with carcinoma of the 

trachea at the Karolinska Institute, Sweden.  

Fig 4.7 Viability results of seeding density study. Chondrocytes were cultured for 

10 days, with assays performed at day 3, 7 and 10. Two ANOVA and post-test 

comparisons were conducted to analyse the data. Data are given as mean ± SD. 

Fig 4.8 Cytocompatibility. Graphical data demonstrating the cytocompatibility of 

POSS PCU compared with PCU and PCL. PCU served as the negative control for 

POSS, and PCL is an established scaffold material used frequently in CTE research.  

Cells were seeded onto the scaffolds at a density of 1 x 104/disc or 5000 cells/cm3. 

The cells were incubated on scaffolds for a period of 14 days. Alamar Blue cell 

viability assays were performed at day 1, 4, 7, 10 and 14 of the incubation period. 

The data are shown on graph A. Initial cytotoxic response was measured after the 

first 24hours of incubation and 96 hours. The data for this assay are shown on graph 

B. Data represents the mean ± SD (n=6). 

Fig 4.9 Cell Proliferation/Total DNA. The increase in cell number till day 10 and the 

decline thereafter are statistically significant (p<0.001). The overall effect of scaffold 

type on the results was considered significant according to Bonferroni’s Post Test 

comparison (p<0.05). Data represents the mean ± SD (n=6). 

Fig 4.10 ECM protein production. There was no significant difference in protein 

production between each scaffold (p>0.05). Data represents the mean ± SD (n=6). 

Fig 4.11 Cell adherence. (A+B) Scanning electron micrographs of chondrocytes 

adhered to POSS PCU polymer after 7 and 14 days in culture. Red line demarcates 

areas of matrix adhesion. (B) DAPI staining of chondrocyte nuclei on the surface of 

the polymer after 7 days of incubation. Chondrocytes are arranged in clusters over 

the polymer surface.  

Fig 4.12 Cell proliferation in response to the increased amount of POSS. There is a 

significant difference in the number of cells at all time points when 2% POSS PCU is 

c.f. with 6% and 8% POSS PCU (p<0.001). There is no significant difference between 
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2% and 4% POSS PCU, nor 6% and 8% POSS PCU (p>0.05). Data represents the mean 

± SD (n=6). 

Fig 4.13 Porosimetry. (A-E) Scanning electron micrographs of polymer scaffolds. (F) 

Graph of porosimetry data showing the average pore size in each scaffold. The 

pores on 6% and 8% POSS PCU were significantly larger than those on 2% POSS PCU 

(P<0.0001).There was no significant difference between the pore size of 2% POSS 

PCU and PCU (p>0.05). The differences between 4% POSS PCU and PCU and 2% 

POSS PCU were similarly significant (p<0.01) Data is presented as the mean  SD 

(n=4). 

Fig 4.14 Contact angle hysteresis. (A-F) Images of the air bubbles formed on the 

surface of each polymer. Images correspond to the labelled bars on the graph 

below. (G) Graph of the various contact angles calculated for air bubbles formed on 

each scaffold. Data represents the mean ± SD (n=12).All the data were statistically 

significant (p<0.05). 

Chapter 5 

Fig 5.1 Permeability testing apparatus 

Fig 5.2 Scanning electron micrographs. The images have been arranged according 

to porogen and percentage of porogen used in manufacture. A-I represent the top 

surface of the scaffolds. Aa – Ii represent the lateral surface of each scaffold. 

Fig 5.3 Porosimetry. (A) A graph of the average pore sixe found on the top surface 

of scaffolds made with 9 different porosities. Two way ANOVAs and Bonferroni’s 

Post Test statistical analyses were performed. The size of the porogen and the 

amount of porogen both has a statistically significant effect on the average pore 

size, p<0.001 and p<0.05 respectively. ***= p<0.001. (B) Below is a table showing 

the average pore size values for each scaffold. Each value is given as an area in units 

of cm3. 

Fig 5.4 A graph of the contact angles found on each scaffold. The change in 

porogen and the amount of porogen had an extremely significant effect on the size 

of the contact angles (p<0.001). The difference between scaffolds made with 
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100µm and 200µm was extremely significant at all percentages, 30, 45 and 60% 

(p<0.001).  

Fig 5.5 Cell viability on porous scaffolds. (A) A graph of cell viability data produced 

using the AlamarBlue assay. Statistical test included Two-way ANONA and 

Bonferroni’s Post Test. The change in porosity had a significant effect on the 

viability of the cells (p<0.001). On average the cell viability increased over the 

duration of the culture with all samples finished on a higher viability at day 18 than 

they started with on day 0. The majority of samples had a maximum peak at day 14 

with 30:100 continuing to increase until day 18 of the culture period.  (B) A graph 

showing the cell viabilities at the end of the culture period. 30:100 was the only  

increase up until day 18 and was the only sample significantly different from the No 

porogen control (p<0.001).  

Fig 5.6 Cell proliferation data from Picogreen DNA assay. One-way ANOVA and 

Dunnett’s comparison Post Test was used to compare the statistical significance of 

the results. The mean of the results was considered significant (p<0.001) however 

there was no significant difference between the mean of the sample groups and the 

no porogen control (p>0.05).  

Fig 5.7 Results of permeability study. The graph shows the amount of water that 

can pass through the scaffold in one minute as at a pressure of 5mmHg. There was a 

statistically significant difference between 60:100 and the No porogen control using 

One-way ANOVA and Dunnett’s multiple comparison test. p<0.001.   

Fig 5.8 Assays of chondrocyte ECM protein production on porous scaffolds. (A) 

Results of the assay for sGAG proteins, which are key proteins found within the 

cartilage ECM. Day 7 results had no significant difference. Both 30:100 and 60:100 

has statistically more sGAG by day 14 c.f. no porogen controls. (B) Results of the 

assay for collagen proteins. Day 7 has no significant difference (PTO). 

Fig 5.9 Rhodamine 6G stained scaffolds with Hoechst cell nuclei staining. Images 

were taken using a confocal microscope and nuance multispectral imaging camera.  

These scaffolds were incubated with chondrocytes for 14 days.  They were 

illuminated under U.V. light and signals read at 550nm. The red signal is for 
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Rhodamine and marks the scaffolds. The blue signal is for Hoechst marking the cell 

nuclei. (A) 30:100 scaffold, x40 magnification. (B) 45:100 scaffold, x20 

magnification. (C) 60:100 scaffold x 20 Magnification.   

Fig 5.10 A schematic image of shear stress induced by flow in relation to cell 

seeded on a scaffold.  

Fig 5.11 Cell viability. 14 day culture period of chondrocytes on 30:100 POSS PCU. 

AlamarBlue assay was performed at day 0,3, 7, 10 and 14. Two-way ANOVA and 

Bonferroni’s Post Test statistical analysis performed. ***= p<0.001. n= 6.  

Fig 5.12 Cell proliferation. (A) 7 and 14 day culture of chondrocytes on 30:100 POSS 

PCU. Picogreen assay was performed on samples cultured to day 7 and another set 

of samples cultured to day 14. Two-way ANOVA and Bonferroni’s Post Test 

statistical analysis performed. *=p<0.05, ***= p<0.001. n= 4. (B) Numerical data on 

the fluorescent reading of each sample of DNA correlated with the number of cells 

it represents using the Picogreen calibration curve.  

Fig 5.13 ECM protein production. 14 day culture of chondrocytes on 30:100 POSS 

PCU. Collagen and sGAG assays were performed on two sets of samples cultured to 

day 7. Two-way ANOVA and Bonferroni’s Post Test statistical analysis performed. 

***= p<0.001. n= 4.  

Fig 5.14 Cell viability study of the effects of dynamic culture after a 24hr static 

culture.  There was statistically significant difference between the viability in the 

static samples compared with all other experimental groups (P<0.001). The 24hr 

static + dynamic group showed a similar pattern of decline to the only dynamic 

group at day 7, though there was statistically more viability in the 24hr static groups 

when c.f. the dynamic (P<0.001). Data are shown as mean ± SD (n=4). 

 

Chapter 6 

Fig 6.1 Nose models used to produced moulds. (A) used to produce plasticine, 

plaster of paris and sodium alginate moulds. (B) used to produce glass moulds. 
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Fig 6.2 Image depicting the measurements taken to analysis the dimensions of the 

nose scaffolds. 

Fig 6.3 Evaluation of plasticine modelling technique. (A) and (B) are images of the 

same nasal scaffold. (C) is an image of the second scaffold made using the same 

technique. Out of six attempts only two morphologically identifiable noses were 

produced. (D) An image of a construct that went wrong, were the POSS PCU failed 

to cast properly and subsequently took on a weird shape when coagulated. The 

plasticine melted in the oven causing the casted material to lose its nasal definition. 

The structure was stiff and not readily compressed however the bi-layer structure  

did also partially delaminate at the edges.  

Fig 6.4 Results of the plaster of paris moulding technique.  Out of a total of nine 

attempts to produce the nasal scaffolds, constructs (A), (B), and (C) were the best 

products in terms of morphology. The scaffolds have more definition in their shape, 

however the development of bubbles during the coagulation process caused the 

large indentations o the scaffold surface. The constructs were stiff under 

compression by hand, with the alar regions being very difficult to collapse.  

Fig 6.5 Evaluation of sodium alginate moulding. (A) A sodium alginate mould. (B) + 

(C) Nasal scaffolds produced using the sodium alginate mould. Out of a total of 9 

attempts from 3 different sodium alginate moulds, only 2 produced a scaffold with 

moderate nasal morphology.  

Fig 6.6 Dimensions of the nasal scaffolds.    

Fig 6.7 Mechanical Testing of lateral walls of scaffolds. The average modulus of 

stiffness of each scaffold fabrication is represented by a column.  There was no 

statistically significant difference between any of the sample group.    

Fig 6.8 Image and diagrammatic representation of the bioreactor culture of the 

nose constructs. (A) Photograph of bioreactor in laminar flow hood before being 

placed into the incubator. (B) Diagram of culture device.     

Fig 6.9 Cell viability of bioreactor incubation. The difference between POSS PCU 

with cells and the no cell control was extremely significant at day 7, 14, 21 and 28, 

p<0.001.    
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Fig 6.10 Graph of cell proliferation. There was a significant difference in the 

number of cells found on the scaffolds at day 14 and 28. ** p<0.01,*** p<0.001.   

 

Chapter 7 

Fig 7.1 With and without the anterior nose. With the clinical details of the case 

being bound by an embargo actually clinical images were not included in this thesis. 

However this figure aims to demonstrate anatomically the defect that Mr N had 

after his surgery. The figure on the right represents normal human nasal anatomy 

with the anterior nasal cartilages and more posterior nasal bone. The figure on the 

left shows the loss Mr N as suffered with the entire anterior portion of his nose 

having been removed down onto nasal bone cranially and maxilla laterally. There 

was also no nasal septum left in situ.  

Fig 7.2 Instruments used to fabricate the POSS PCU nasal scaffolds. (A) Anterior 

view of the polyurethane model of the patients nose before the rhinectomy,. (B) 

Lateral view of the model nose. (C) Custom-made glass moulds fabricated using the 

model, or coagulating the POSS PCU scaffolds.    

Fig 7.3 Stages of nasal scaffold fabrication. (A) Stage 1: initial coagulation of POSS 

PCU in glass mould. (B) Removal of the top layer of POSS PCU to ‘de-bulk’ to 

construct for re-coagulation. (C,D,E) Images of the scaffold after re-coagulation and 

perforation. (D) the back or internal portion of the scaffold. 

Fig 7.4 Diagrammatic images of the custom made tissue expander. All 

measurements are given in 0.1 millimetres. (A) Dimensions of the expander. (B) 

Expander with the port tube that will be used to pass water into the expander.    

Fig7.5 A graph showing the viability of human BMSCs grown on various scaffolds 

over an 18 day culture period. The cells were seeded at an initial density of 5 x 104 

cells/scaffold  (2.5 x 104 cells/cm3). Overall the effect of scaffold on cell viability was 

considered to very significant, p<0.0001. By day 18, POSS PCU viability on POSS PCU 

was significantly greater than on PCU(p<0.001) and 30:100 POSS PCU was 
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significantly greater than all scaffolds barring TCP (p<0.001). Data are shown as 

means.  

Fig 7.6 A graph showing data for Picogreen quantification of DNA. The Picogreen 

result for 5 x 104 BMSCs (without seeding) is shown so that inferences can be drawn 

on increase in total DNA from the initial seeding. The amount of DNA on POSS PCU 

was significantly greater than the initial seeding density (*** p<0.0001) . There was 

no significant difference between TCP and POSS PCU and 30:100 POSS PCU, p>0.05. 

Data are shown as mean ± SD.  

Fig 7.7 Hoechst DNA stain of human BMSCs seeded and cultured on 30:100 POSS 

PCU scaffolds. The images were taken using the Nuance multispectral imaging 

system. The images were taken immediately after removal from culture and the 

rounded, smooth shape of the nuclei of these cells suggests that there were alive 

the point of imaging. The images have been displayed in full colour signal and 

monochrome, to aid the reader in visualizing the cell nuclei away from the 

background signal coming from the polymer. Images A (Aa) and B (Bb) were taken 

using x20  magnification on the confocal microscope. A and B represent to separate 

areas on the same scaffold. 

Fig 7.8 Image of CNRM bioreactor containing 30:100 POSS PCU scaffold disks, for 

testing. Experimental aims A) Optimum BMSC seeding density and (B) ability of the 

bioreactor to serve as a culture vessel for BMSCs, especially when MSCs are 

submerged in large volume of media (potential for reduced gaseous exchange). 

Fig 7.9 Cell viability study to optimize the seeding density of human BMSCs on 

30:100 POSS PCU scaffolds.  Cells were culture for a period of 7 day in total and 5 

different seeding densities. The effect of seeding density on the overall viability of 

cells was considered statistically significant p<0.0001. 5x105 and 1x106 had the 

greatest viabilities at all time points (p<0.0001). There was no significant difference 

between these two densities. Data are shown as mean ± SD  

Fig 7.10 Effectiveness of bioreactor culture compared with culture in a universal 

24 well plate. There was a significant increase in viability in all sample groups from 

day 7 to day 14. There was no significant difference between culture in a bioreactor 
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and 24 well plate, p>0.05. There was no significant increase in the cell viability with 

an increase in seeding density, p>0.05.  Data are shown as mean ± SD.  

Fig 7.11 A graph of the effect of culture environment on cell proliferation. Data are 

shown as mean ± SD.  

Fig 7.12 The Ricordi Chamber. GMP validated bioreactor developed for the isolation 

of islet cells from the human pancreas in islet cell transplantations. The chamber is 

made of a amber colored poly-urethane material with stainless steel inlets and 

outlets. It is also fully autoclavable.  

Fig 7.13 Bioreactor comparison study. Both bioreactors were placed inside the 

same humidified incubator (37.5°C, 5% CO2). The Ricordi chamber is to the left of 

the image and the CNRM bioreactor to the right. Both bioreactors have been filled 

with equal volumes of supplemented media (400ml). 

Fig 7.14 Cell viability and proliferation data of a study comparing bioreactor 

efficiency.  There was no significant difference in the means of each experiment, 

p>0.05. Data are shown as mean ±  SD.  

Fig 7.15 Hoechst DNA labelling of MSCs cultured on 30:100 POSS PCU scaffolds. 

Images A and B were taken using x20 magnification. Images C and D were taken 

using x40 magnification. (A &C) Samples taken from the nasal construct cultured in 

the CNRM bioreactor. (B & D) Samples taken from the construct cultured in the 

Ricordi chamber. 
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Chapter 2 

Table 2.1 Summary of methodologies used to differentiate human mesenchymal 

stem cell to chondrocytes in vitro. Keys: *denotes work also carried out in vivo; 

Abbreviations: AD -MSC, adipose derived mesenchymal stem cells. AM-MSC, 

amniotic fluid derived mesenchymal stem cells. BMSC, bone marrow stromal cells. 

BM-MSC, bone marrow derived mesenchymal stem cells. Col, collagen. ELP, elastic-

like polypeptide. ESC, embryonic stem cells. sGAG, sulphated glycosaminoglycans. 

PCL, Poly(caprolactone). SMSC, synovium derived mesenchymal stem cell. Table 

taken from (Oseni, Crowley, Lowdell, Birchall, Butler, & Seifalian 2011a) (PTO). 

Table 2.2 Summary of in vitro and in vivo studies that have used various scaffolds 

to engineer cartilage (2005-2010). Keys: *Unknown Origin. **Clinical Study. 

***(Fidia Advanced Biopolimer Srl, Abano Terme, Italy) Abbreviations: AD-MSC, 

adipose derived mesenchymal stem cells. BMSC, bone marrow stromal cells. BM-

MSC, bone marrow derived mesenchymal stem cells. Coll, collagen. ECM, extra 

cellular matrix. GAG, glycosaminoglycan. Hbx, homeobox. IHC, 

immunohistochemistry. Ihh, Indian hedgehog. OA, osteoarthritis. PTHrp, 

parathyroid hormone replacement hormone. RT-PCR, real-time polymerase chain 

reaction. SEM, scanning electron microscopy. sGAG, sulphated glycosaminoglycan. 

Table taken from (Lee et al. 2007). 
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Table 4.0 Results of exploratory decellularisation study. Porcine and ovine noses 

were delivered from the abattoir, washed and dissected removing overlying skin, 

muscle and perichondrium. After the 7 day decellularisation process the samples 

produced were crudely tested to see whether properties of the ECM had been 

maintained. Weight, tensile strength and biocompatibility were all used as 

preliminary assessments of material suitability. On average there was an 80% 

reduction in the weight of the nasal scaffolds. After decellularisation the cartilage 

turned from solid tissue into a more viscous like jelly (especially in the alar regions) 

which had no recordable modulus of elasticity upon tensile strength testing. The 
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cartilage did not appear to retain any mechanical strength even on qualitative 

examination. When the small amounts of the acellular material were cultured (for 

an intended 14 days) with nasoseptal chondrocytes all the samples developed an 

infection which prevented further viability/histological study.  

Table 4.1. Variation in chondrocyte isolation protocol. An overview of some of the 

methods used to isolate chondrocytes for cartilage tissue engineering.  

Table4.2 Digest schedule. A summary of the comparisons made between different 

enzymatic digestion protocols, showing, enzymes used, their digestions times and 

concentrations. * All predigest experiment underwent an additional Collagenase II 

(0.15%) for 10 hours.  
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Table 7.1 ‘1st in Man’ POSS PCU constructs 
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1.1. INTRODUCTION 

The nose is a source of distinction and identity to the human face. It comes in a 

variety of shapes and sizes according to gender or ethnicity and plays a crucial role 

in facial perception. The human nose has a complex design, with inner tubes 

engineered to regulate airflow thereby facilitating olfactory sensation. There is little 

evidence to support the evolutionary need for the nose as there are only fully 

formed fossilized noses on record, and we also know that the nose is not essential 

to the physiological process of breathing (Thomas 2008). This does not however 

take away from the importance of the nose to our sense of wholeness, and well 

being, and for a lot of people the loss of or damage to this structure can be 

immensely traumatic.  

Damage to the nose can detrimentally alter a person’s facial appearance. This can 

lead to lowered self-esteem, difficulty maintaining relationships and a reduced 

ability to cope with activities of daily living (Andretto 2007). Reasons for damage to 

the nose include trauma, cancer, dermatological disease and congenital 

malformations, all of which can range in severity [fig 1.1]. In the most severe cases, 

repair or total reconstruction of the damaged nose can be extremely complex 

involving the transposition of viable tissue from various areas of the body to 

reconstruct a nose with anatomical and functional similarities to the native human 

nose.  

 

Fig 1.1 Partial Rhinectomy. Post operative 

defect site after a partial nasal resection 

to remove a squamous cell carcinoma in a 

63 year old gentleman. This image was 

taken courtesy of Dr Mark Lawrence. 

Department of Maxillofacial Surgery, 

Nottingham University Hospital, 

Nottingham, U.K. 
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The framework of the nose is made of cartilage, and this is the tissue that is most 

often in shortest supply during reconstruction. It is usually harvested from the 

costochondral region of the ribs, but can also be harvested from auricular cartilage 

or pelvic bone. There are however, limitations to the amount that can be harvested 

and significant differences in the mechanical properties of this cartilage. It is these 

shortages in appropriate cartilaginous tissue that can hamper the overall aesthetic 

outcome of traditional total nasal reconstructions.  

It is to overcome such limitations that tissue engineering methodologies have been 

suggested as a realistic source of viable nasal cartilage-like tissue. Tissue 

engineering is a relatively new field of science, incorporating medical, engineering 

and biological specialties, with the aim of creating constructs that can recapitulate 

the form and function of tissues/organs found within the human body. Cartilage 

tissue engineering (CTE) has evolved over the last 3 decades with the most explored 

application being articular CTE in Osteoarthritis and Rheumatoid disease. CTE 

paradigm rests upon using a cell type, capable of producing cartilage like ECM, 

being seeding onto a scaffold and cultured to produce neo-cartilage.  

In the mid nineties, the Vacanti group published pictures of a tissue engineered ear 

underneath the dorsal skin of a live mouse (Cao, Vacanti, Paige, Upton, & Vacanti 

1997)[fig 1.2]. This engendered a new generation of thinking regarding the 

possibility of CTE and its application in head and neck reconstruction using 

principles largely founded in articular CTE.  

Fig 1.2 Tissue engineered ear implanted into 

subcutaneous skin pockets on the dorsa of 

athymic mice. Polyglycolic acid-polylactic 

acid polymer auricular shaped scaffold were 

seeded with bovine articular chondrocytes. 

The constructs were in vivo for 12 weeks. 

Neo-cartilage established histologically and 

morphologically, with the overall geometry 

resembling a human ear. (Cao, Vacanti, 

Paige, Upton, & Vacanti 1997).  
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Beyond this iconic experiment however and a plethora of other in vitro and animal 

model in vivo experiments, there has been little progress in the clinical application 

of such neo-cartilage constructs. There are issues with the mechanical properties of 

these constructs and their ability to withstand the immunologically active 

environment of the living organism (Goessler et al. 2007;Greene & Watson 2010) .  

Many constructs are unable to withstand the contraction present within a healing 

environment, resulting in distorted and geometrically unsuitable constructs (Cao, 

Vacanti, Paige, Upton, & Vacanti 1997).Additionally it has proven difficult to 

recreate the exact morphology of the tissue to be reconstructed, especially in the 

nose and ear (Bucheler & Haisch 2003;Cannady, Cook, & Wax 2009;Cao, Vacanti, 

Paige, Upton, & Vacanti 1997). Many traditional scaffold systems used such as PLGA 

(Poly lactide-glycolide) and PEG (Poly-ethylene glycol), are biodegradable and 

breakdown sooner than the neo- tissue has reached maturity, which can also lead 

to inflammation and fibrosis (Asawa et al. 2009;Asawa et al. 2012;Jiang et al. 

2012).Natural scaffolds such as collagen and fibrin are prone to resorption and 

distortion in vivo ruining the aesthetic component of the reconstructions.  

In our lab, a novel synthetic polymer known as POSS-PCU (Poly-oligomeric-

silsesquioxane Poly-carbonate urethane) has been developed. Research on POSS-

PCU has demonstrated that it has superior mechanical and biological properties 

owing to the POSS nanostructure modification. The polymer has been used in the 

production of vascular bypass grafts which have successfully entered Phase I of 

clinical trials after pre-clinical trials in the sheep animal model (funded by the 

Wellcome Trust). In addition it has been used in the lachrymal duct system with the 

first successful implantation into a human occurring in Switzerland, October 2010 

(unpublished). In June 2011, POSS-PCU was used to fabricate a world first synthetic 

trachea that was seeded with chondrocyte differentiated Mesenchymal Stem Cells, 

and implanted into a patient in Sweden, after his own trachea was excised in 

surgery to remove an aggressive tumour (Jungebluth, Alici, Baiguera, Le, Blomberg, 

Bozoky, Crowley, Einarsson, Grinnemo, Gudbjartsson, Le, Henriksson, Hermanson, 

Juto, Leidner, Lilja, Liska, Luedde, Lundin, Moll, Nilsson, Roderburg, Stromblad, 

Sutlu, Teixeira, Watz, Seifalian, & Macchiarini 2011a). All of these clinical cases point 

to the efficacy of the polymer and its potentially excellent biocompatibility with 
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human tissues [fig 1.3]. This along with extensive studies to be discussed in this 

thesis support the postulation that POSS PCU may be an ideal polymer for making 

the scaffold for a nasal construct.  

  

Fig 1.3 Images of constructs made with POSS PCU that have been used in the 

treatment of patients. (A) POSS-PCU vascular graft that was implanted in a sheep 

animal model for four weeks without cellularization. (B) POSS-PCU Lachrymal duct 

implanted into a human eye (5/5 successful cases performed as of completion of 

this thesis) (C) POSS-PCU synthetic windpipe to be used after cellularization with 

stem cells. Images used with permission from Professor Alexander Seifalian, Claire 

Crowley and Dr Karla Chaloupka in the Division of Surgery, UCL, London. (Chaloupka, 

Motwani, & Seifalian 2011;Jungebluth, Alici, Baiguera, Le, Blomberg, Bozoky, 

Crowley, Einarsson, Grinnemo, Gudbjartsson, Le, Henriksson, Hermanson, Juto, 

Leidner, Lilja, Liska, Luedde, Lundin, Moll, Nilsson, Roderburg, Stromblad, Sutlu, 

Teixeira, Watz, Seifalian, & Macchiarini 2011a). 
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1.2. RESEARCH AIMS 

In February 2011 our team was approached by a clinical team  of Maxillofacial and 

Head & Neck surgeons at UCLH, with the case of a 53 year old gentleman who had 

the anterior portion of his nose removed due to an invading squamous cell 

carcinoma (SCC) 2 years previously. He had undergone adjuvant chemotherapy and 

an extensive course of radiotherapy to the defect site, which invariably damaged 

the surrounding bone, flesh and skin and compromised vascular flow to the area. 

For these reasons a traditional nasal reconstruction using harvested autologous 

tissue was deemed to be at severe risk of failure. The option of a nasal prosthesis 

had also been discussed with the patient however he was reluctant to use it as he 

was deeply uncomfortable with the ‘plastic and artificial’ nature of prosthesis. He 

had instead opted to wear a bandage over the site for over a year, gradually 

withdrawing himself from society and any form of personal interaction. He had 

difficulty relating with his wife of many years, his children and grandchildren and 

felt the physically debilitating consequences of the operation were fast 

overshadowing the benefits of being essentially cancer free.  

Our team was asked to engineer a nasal construct tailored to the gentlemen’s 

cosmesis, using our in house polymer system POSS-PCU. The construct would serve 

the function of the cartilaginous framework in the reconstruction, supporting 

overlying skin and maintaining the 3D nose shape. It was for cases like this that the 

research described in this thesis began. The overriding aim of this research was to 

develop a method of tissue engineering a cartilaginous nasal construct, individually 

tailored for use in a total nasal reconstruction.    

Research began by developing a method for obtaining a viable source of 

chondrocyte cells that could be used for in vitro testing of the POSS PCU material 

and its potential for use in nasal cartilage tissue engineering (chapter 4). Various 

methods of isolation were investigated to produce a protocol that was effective in 

isolating good yield of healthy chondrocytes from different cartilage types including 

nasoseptal to articular.  Subsequent experiments looked at investigating the 

cytocompatibility of the POSS PCU with harvested primary chondrocytes. The 

seeding densities of the cells were optimized on POSS-PCU scaffolds. Viability and 

rates of proliferation were compared with results from cell culture on Poly-
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caprolactone (PCL), a biodegradable polymer frequently used in articular CTE. The 

POSS nanostructure feature of the POSS-PCU was also investigated for its effect on 

chondrocyte growth. Polymer scaffolds with varying quantities of POSS were 

fabricated, characterized and seeded with mature chondrocytes. The effect of the 

POSS on the chondrocytes was evaluated in terms of viability and proliferation. 

Research has also shown that effective scaffolds need to be porous to allow 

adequate mass transport, cell growth and migration. The optimum percentage 

porosity and pore size were also investigated.  

In chapter 5 Research has also shown that effective scaffolds need to be porous to 

allow adequate mass transport, cell growth and migration. The optimum 

percentage porosity and pore size were also investigated. 3D culturing of the 

constructs was then explored by looking at the necessity of a dynamic culture for 

optimizing the viability and functionality of mature chondrocytes on 3D POSS PCU 

scaffolds 

The aim of chapter 6 was to develop a process/protocol for producing scaffolds 

with 3D nasal morphology, which would provide the main shape and mechanical 

properties for the reconstruction. Various methods were explored and optimized till 

a nasal scaffold with good morphology was reached. In addition a custom designed 

bioreactor was developed and tested for the purpose of culturing the whole nose in 

vitro. A full scale in vitro production of a nasal construct was then conducted using 

nasoseptal chondrocytes. This was evaluated morphologically, histologically and 

mechanically. 

In chapter 7, the process development and validation of the manufacturing process 

for producing a cellularized construct for implantation into human patients. This of 

course was an entirely different undertaking compared with engineering for 

research purposes. It required the implementation of Good Manufacturing Practice 

(GMP) under MHRA regulation.  Nasal constructs were fabricated under GMP using 

the protocols that had been developed in previous experiments. A series of process 

validation and engineering studies were conducted to produce not only a functional 

nasal construct, but a robust manufacturing pathway for producing such tissue 

engineered nasal constructs for clinical application in the near future. 
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2.1. INTRODUCTIONININTTRODUCTION  

Traditional CTE paradigm is based on the seeding of mature chondrocytes or 

chondrocyte precursor cells onto a 3-dimensional (3D) scaffold matrix. This is then 

followed by the incubation of the construct in vitro in a bioreactor or in vivo in the 

patient for a defined period. Though research into nasal CTE has been limited to 

date, progress made and lessons learned in articular CTE can be applied to nasal 

cartilage repair. This chapter aims to give a detailed account of cartilage tissue 

engineering strategy, looking with particular focus at the effect of scaffolds on cell 

growth, the evolution of chondrocyte and stem cell biology and the expansion of 

bioreactor design and application. We will also explore how an integration of this 

revolutionary and innovative bench work can be translated to improve the clinical 

problems of nasal reconstruction.  

2.2. ANATOMY OF THE HUMAN NOSE 

The nose is a composite tissue comprising the nasal skeleton (cartilage anterior and 

bone posterior), an internal lining of mucosa and an external layer of skin. The 3D 

morphology of the nose is reflected in the topography of the skin which overlies and 

follows the convexities and concavities that give the nose its unique shape. The 

nasal skeleton specifically is the supporting structure of the nose. It consists of the 

upper, lateral and alar cartilages. Fig 2.0 shows the different tissue that make up the 

composite nasal structure, each one having differing levels of importance to the 

function of the human nose [fig2.0].  
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Fig 2.0 Images of the different layers of tissue that make up the human nose. It includes 

the muscular and vascular layer which are frequently described in conjunction with the skin 

and subcutaneous tissue layer, in the literature.  

 

 

B 
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2.3. TOTAL NASAL RECONSTRUCTION 

2.3.1. A BRIEF HISTORY 

Total nasal reconstruction (TNR) involves the replacement of nasal tissue to 

reconstruct the human nose subject to trauma, burns, or cancer surgery. Damage to 

the nose is either partial or complete, and as a result, the surgical approach is 

considered in terms of partial or total reconstructions. Total reconstructions are the 

most surgically challenging and form the basis of clinical need in this review and 

experimental study. The origins of total nasal reconstruction lie in the 600BC era in 

India, when the academic Sushruta sought a solution to reconstructing the noses of 

criminals punished by nasal amputation (Saraf S 2007;Whitaker et al. 2007). He 

developed a method for raising a skin flap from the cheek on a pedicle which was 

used to cover the nose. In the 15/16th centuries the technique was modified by 

Gaspare Taglicozzi , using skin flaps from the upper arm (Zimbler 2001).  In the 19th 

century, the publication of successful operations performed by Joseph Constantine 

Carpue increased the popularity of the technique, and its use spread across England 

and Europe (Saraf S 2007;Whitaker, Karoo, Spyrou, & Fenton 2007). Even as much 

as 80 years on there were reports of 152 total nasal reconstructions having been 

performed in Europe. The technique went on to become a mainstay for coverage in 

nasal reconstruction even to this present day.  

2.3.2. NASAL RECONSTRUCTION TODAY 

The primary goals for nasal reconstruction (total and hemi) are still to achieve 

reliable healing and an aesthetically inconspicuous nose. A clear nasal passage is 

desirable but not essential, as adult humans are capable of mouth breathing. The 

current gold standard for achieving such an outcome is more complex than that 

initially established by Shushruta (Oseni, Crowley, Lowdell, Birchall, Butler, & 

Seifalian 2011a). Modern surgery allows us to harvest and graft autologous cartilage 

to make the frame and cover using an autologous skin flap (much like the Indian 

forehead flap). This is performed with or without the transposition of autologous 

mucosal flaps to line the inner portion of the reconstructed nose (Oseni, Crowley, 

Lowdell, Birchall, Butler, & Seifalian 2011a). One of the foremost challenges of this 

approach is harvesting enough donor cartilage from the patient. For smaller 
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reconstructions, biopsies taken from auricular cartilage or nasal septum remnants 

can provide sufficient quantities of cartilage. In contrast, larger defects can 

necessitate the need to harvest from the ribs or even bone from the hips. These 

tissues do not share the same mechanical properties as native nasal cartilage and 

can thus reduce the overall success of the reconstruction (Papadopoulos et al. 

2009).  

It was work by two pioneering surgeons , Radford C. Tanzer and Burt Brent, in the 

fifties and then later in the nineties that bolstered the method of sculpting of costal 

cartilages to produce 3D structures, namely auricles (Brent 1992;TANZER 1959). The 

principles of such surgery have been applied to the nose also with varied success 

(Chang, Becker, & Park 2004). The results are inconsistent unless the surgery is 

performed by the hands of skilled surgeons, and the donor site morbidity remains a 

major disadvantage. In current surgical practice, greater care is being taken to 

improve clinical outcomes, whilst minimizing donor site morbidity and in turn 

improving patient satisfaction. In an increasingly image conscious nation, there is a 

need to develop surgical techniques that minimize damage to the human body. This 

is no more evident than in the widespread clinical implementation of minimally 

invasive surgery, with reported clinical advantages of reduced postoperative pain 

and shorter recovery times (Cannon et al. 2008;Craft & Harold 2009;Hiari 

2011;Horgan et al. 2011;Mik et al. 2009) (29,853 publications available on PubMed 

for a search of ‘Minimally Invasive Surgery’). This indicates a trend that could 

potentially challenge the traditional modus operandi in reconstructive surgery 

where surgeons ‘rob Peter to pay Paul’, transplanting tissue from one region of the 

body to another.  

There have been several reports on the successful use of allogenic and alloplastic 

materials in reconstructions over the last decades (Berghaus & Stelter 2006;Chang, 

Becker, & Park 2004). Alloplastic materials such as Gore-Tex, Alloimplants, and 

AlloDerm (LifeCell Corp., Branchburg, NJ) have been used in rhinoplasties to change 

the shape of specific regions of the nose (Godin, Waldman, & Johnson, Jr. 

1999;Owsley & Taylor 1994;Romo, III, Sclafani, & Sabini 1998) . They have also been 

used to augment more complex nasal reconstructions making up for limited 

amounts of cartilage. They have clear advantages over autologous cartilage in that 
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they are available in a limitless supply, and can come in predetermined shapes and 

size, reducing the operative time and complexity of the surgery. They do however 

tend to have a limited capacity for biointegration into surrounding tissue. This leads 

to complications such as implant visibility, migration and extrusion (Berghaus & 

Stelter 2006). They also have an increased susceptibility to infection as with most 

implants, in addition to an uncertain long-term durability (Cao, Vacanti, Paige, 

Upton, & Vacanti 1997). Materials for allogenic reconstructions are sourced from 

cadavers, which can also result in poor quantities of donor material and 

complications that arise from recipients spending lengthy periods on 

immunosuppressive medication (Siemionow et al. 2009;Siemionow & Klimczak 

2009). 

In the event that surgery is deemed unsuitable, prosthetic noses are an alternative 

option. They are advantageous, in that they provide a covering for the defect site 

without any additional surgery. In cases where the nose is removed as a part of 

resective cancer surgery, a long follow up period is needed to ensure the defect site 

is indeed cancer free. During this time a prosthetic nose is worn ensuring easy 

access to the defect site for careful monitoring. For more elderly and fragile 

patients the prosthetic is also seen as an excellent alternative to surgery.  Its 

popularity is however hampered by complications such as increased rates of 

infections in the defect site and poor functional/aesthetic result (Berghaus & Stelter 

2006) . Fixation with titanium screws is problematic in defects sites that have been 

irradiated (prone to osteoradionecrosis), and attachment with adhesives can also 

increase rates of infection. Studies have shown that ineffective rehabilitation of this 

patient group can lead to them becoming depressed, withdrawn from society and 

suicidal (Clarke & Butler 2004). Investigations show that such patients can be left 

feeling physically and psychologically incomplete, affecting their ability to interact 

with society and complete normal activities of daily living (Andretto 

2007;NaBadalung 2003).  
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2.4. THE TISSUE ENGINEERED NASAL SKELETON 

Tissue engineering is a multidisciplinary field encompassing principles from fields of 

medicine, biology and engineering. The aim is to create functional replacement 

tissues using biological or synthetic scaffolds and complex cell biology. Tissue 

engineering cartilage involves the specific interaction of the following factors 

[fig.2.1]: 

1. Scaffold; a biocompatible synthetic or natural material capable of maintaining a 

3D shape, biointegration and supporting the proliferation, differentiation, and 

growth of seeded cell types. 

2. Chondrocytic cell type; either mature adult chondrocytes or a precursor cell 

such as mesenchymal stem cells (MSCs), which are capable of secreting 

adequate amounts of cartilage like ECM.  

3. The application of growth factor combinations, culturing techniques and scaffold 

manipulation to ensure that cells remain in a chondrocyte specific lineage and 

secrete appropriate ECM (Oseni, Crowley, Lowdell, Birchall, Butler, & Seifalian 

2011a).  
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Fig 2.1 An illustration of the concept of tissue engineering of nose shaped cartilage 

as a frame for nasal reconstruction. The aim is to develop a process that enables 

the harvesting of autologous chondrocytic cells/MSCs from the patient, culturing 

them in a specially designed bioreactor on a 3D nasal construct made of synthetic 

material. This construct would then be placed on the forearm inside a pocket of 

expanded skin for a period of time to allow adequate vascularization. The forearm is 

illustrated here, but in theory any other area of well vascularized skin could be 

used. After a period of vascularization the construct would then be moved to the 

face, with the overlying skin from the arm as a free flap. Image taken from (Oseni, 

Crowley, Lowdell, Birchall, Butler, & Seifalian 2011a). 

Peptides Cell 

Scaffold seeded with 
cells attached via 
peptides.  

Scaffold placed in 
bioreactor for 
culture in 
chondrogenic 
medium 

Scaffold 

Construct placed 
underneath patient skin 
on the forearm to 
biointegrate and 
vascularise 

Cartilage is harvested from 
the arm and sutured in place 
to reconstruct the nose. A skin 
graft can then be used to 
complete the surgery. 
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The skeletal framework of the human nose consists of nasal bones towards the 

cephalic end, and cartilage pieces with fibro-fatty tissue at the caudal end. Nasal 

cartilage is in fact a connective tissue of the hyaline subtype.  It is clear that the 

cartilaginous frame serves to maintain patent nostrils for the passage of air; 

however there is little research on the specific biomechanical properties of this 

tissue. There are studies which have demonstrated the importance of mechanical 

rigidity in the nasal septum, highlighting the importance of the L-strut in preventing 

nasal collapse (Mau, Mau, & Kim 2007). According to the literature the average 

stiffness of human naso-septal cartilage is around 0.8MPa, however studies show 

that this value can range between 0.03MPa to 1.5MPa (Grellmann et al. 

2006;Haisch et al. 2005;Rotter et al. 2002b;Rotter et al. 2002a;Vinatier et al. 2007).  

An investigation conducted using the expertise of experienced surgeons showed 

that 0.56, 0.59 and 0.49MPa would be the most accurate threshold estimates for 

the stiffness of the columellar, L-strut and alar cartilages respectively (Zemek, Garg, 

& Wong 2010).   

2.5. CARTILAGE TISSUE 

2.5.1. CARTILAGE TISSUE BIOLOGY 

Nasal cartilage is a connective tissue of the hyaline subtype. It contains a highly 

specialized cell type known as chondrocytes, which are derived from the 

mesenchymal stem cell (MSC) lineage. These chondrocytes are positioned in spaces 

within the tissue architecture known as lacunae and secrete the surrounding extra 

cellular matrix (ECM) proteins. Much like most connective tissues, the ECM of 

cartilage contains a meshwork of proteins including collagen, elastin, glycoproteins 

and proteoglycans. Each of these is present in varying amounts depending on the 

subtype of cartilage. In hyaline cartilage, collagen type II is in greatest abundance, 

unlike elastin for elastic cartilage and collagen type I for fibrocartilage. There are 

several cell surface receptors that allow chondrocytes to interact with and bind to 

the macromolecular proteins, including integrins, CD44 and the proteoglycan 

receptors e.g. syndecan (Vinatier, Magne, Moreau, Gauthier, Malard, Vignes-

Colombeix, Daculsi, Weiss, & Guicheux 2007). 
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Hyaline cartilage is the most abundant type of cartilage. It is white-blue in colour 

and has a macroscopically smooth surface. It is the cartilage found on the surface of 

joints as well as within the nose. Hyaline cartilage is covered by a tough fibrous 

membrane known as the perichondrium. As stated earlier, hyaline is rich in collagen 

type II, which aggregates into a mesh encasing giant molecules of proteoglycans 

(Proteins + glycosaminoglycan (GAG) side chains e.g. aggrecan, biglycan, decorin in 

the ECM; syndecan, CD44 and fibroglycan as cell surface receptors; serglycan in 

intracellular tissue) (Buckwalter & Mankin 1998b;Buckwalter & Mankin 1998c). 

Because the vasculature within cartilaginous tissue is relatively meager, the 

regenerative capacity of such tissues is poor. The lack of vasculature results in 

minimal influx of progenitor cells from the blood or bone marrow in the advent of 

damage (Raghunath et al. 2005;Raghunath et al. 2007). This does conversely make 

cartilage an excellent target for tissue engineering methodology, not only because it 

is difficult to re-grow naturally and therefore ex-vivo supplies are needed, but 

because it may also be histologically simpler to reproduce in vitro (Oseni, Crowley, 

Boland, Butler, & Seifalian 2011d). 

 

Fig 2.2 Scanning electron micrograph of a cross section of ovine naso-septal 

cartilage.(A) Image taken at a magnification of 125µm showing a great number of 

chondrocytes positioned within lacunae on the cartilage surface. (B) Higher 

magnification image taken at 10µm where the chondrocytes inside their respective 

lacunae can be clearly seen. Image taken from (Oseni, Butler, & Seifalian 2012a). 
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2.5.2. DEVELOPMENT OF CARTILAGE  

The understanding of tissue origin and development is crucial to effective tissue 

engineering based on the notion that tissue regeneration, if it is to be successful 

should follow the norms of embryological developmental processes (Reddi 2003b). 

The following section will give a brief outline of the development of cartilaginous 

tissue, however the following reviews/book chapters are recommended reading for 

interested parties (Brochhausen et al. 2009;Hunziker 1994;Oseni, Crowley, Boland, 

Butler, & Seifalian 2011d;Robertson, Jr. 1990). 

The embryology of facial cartilage is very different from skeletal cartilage 

development. Though it is widely appreciated that nasal and auricular chondrocytes 

are derived from the cranial neural crest cell lineage under the signalling instruction 

of Hox genes (homeobox genes), the process for how nose and ear cartilage is 

formed is still poorly understood. The process of skeletal cartilage development in 

contrast has been carefully studied and forms a platform for understanding all 

cartilage tissue development. Perhaps because nasal cartilage is of a hyaline 

subtype, histologically similar to articular cartilage, the process for skeletal cartilage 

tissue development is frequently used as a starting point also for nasal CTE 

(Bucheler & Haisch 2003).  

The growth plate at the end of growing bones in human development serves as an 

epicentre for skeletal cartilage production. The process is known as endochondral 

ossification and when it takes place in the joint region, it eventually leads to the 

production of bony tissue. A highly complex milieu of signalling molecules and 

hormones govern the interplay of chondrocyte proliferation and differentiation. The 

process can be separated into 5 distinct phases as indicated in figure 2.3 [fig 2.3] 

(Oseni, Crowley, Boland, Butler, & Seifalian 2011d;Vinatier, Magne, Moreau, 

Gauthier, Malard, Vignes-Colombeix, Daculsi, Weiss, & Guicheux 2007). These 

chondrocytes originate from the MSC lineage. Phase 1 begins when MSCs are 

committed to the chondrocyte lineage under the influence of paracrine factors 

which up-regulate the expression of transcription factors Pax- 1 and scleraxis. These 

factors in turn induce the activity of other cartilage specific genes. During the next 

stage, the MSCs condense to form compact nodules and differentiate into 

chondrocytes. This phase also involves rapid proliferation where cytoplasmic 
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contents are increased and cartilage specific ECM is deposited. The size of each cell 

increases 5-10 fold to produce hypertrophic cells that signal the start of bone 

formation. 

 
 
Fig 2.3 A summary of the stages involved in differentiating MSCs into 

chondrocytes. The cell types observed during stages of chondrogenesis are 

represented schematically. The expression profile of the differentiation and growth 

factors is shown with a temporal relationship to the stage of chondrogenesis. 

Proteins that were characteristic of the ECM are shown in the lower part of the 

figure. Abbreviations: AP, alkaline phosphatase; CD-RAP, cartilage-derived retinoic 

acid-sensitive protein; Col, collagen; COMP, cartilage oligomeric protein; MMP, 

matrix metalloprotease; VEGF, vascular endothelial growth factor. Image taken 

from (Oseni, Crowley, Boland, Butler, & Seifalian 2011d). 
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2.6. TISSUE ENGINEERING CARTILAGE  

CTE methodology is based on the isolation of chondrocyte/chondrocyte precursor 

cells from a tissue sample, propagation of the cells in vitro, seeding onto a 3D 

matrix and culturing for a further period of time before implantation into the 

patient to reconstruct the defect. Over the years there have been various 

adaptations of these principles with a host of scaffolds currently been optimized for 

CTE, and specialized in vitro culture environments being developed. Using animal 

models, of rabbits, rats, and even sheep, a number of groups around the world have 

evidenced the potential efficacy of this approach (Alhadlaq & Mao 2003;Atala 

2007;Cao, Vacanti, Paige, Upton, & Vacanti 1997;Dobratz et al. 2009b;Fuchs et al. 

2003;Gabay, Sanchez, & Taboas 2010;Hildner et al. 2011;Kayakabe et al. 2006;Lu et 

al. 2010;Mizuta et al. 2004;Peretti et al. 2011;Yanaga, Imai, & Yanaga 2009). It is 

now possible to produce neo-cartilage in vitro using tissue engineering. However 

we are still a long way off from producing the robust tissue needed for clinical use. 

Challenges include isolating and propagating primary human cells without the loss 

of specific cell signalling phenotype, infection or mutation. Gaining relevant and 

reproducible construct morphology and size is also of paramount importance and 

would help ensure good durability of the construct in vivo. Cell phenotype 

regulation, in vitro expansion of cell numbers, scaffold design and suitability, 

bioreactor design are all crucial components of the tissue engineering process that 

need to be optimized to advance cartilage tissue engineering from mere academic 

prologue, into a clinical reality and success (Oseni, Crowley, Boland, Butler, & 

Seifalian 2011d) . The remaining portion of this chapter will discuss these aspects in 

detail.  

2.6.1. CELL SOURCE 

The decision of what cell type to use is a crucial one and should be made early on in 

the tissue engineering process. There are two options, either mature adult 

chondrocytes or mesenchymal stem cells. Each has its own advantages and 

disadvantages. 

2.6.1.1. Mature Chondrocytes 

 Mature chondrocytes have been isolated from cartilage for many years, where the 

cartilage is harvested (Chang, Becker, & Park 2004;Csaki, Schneider, & Shakibaei 
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2008a), cut into small blocks and enzymatically digested (Rotter, Haisch, & Bucheler 

2005;Sittinger et al. 1996). Adult chondrocytes have in fact been used clinically in a 

process known as Autologous Chondrocyte Transplantation (ACT). Chondrocytes 

that have been isolated from the patient’s tissue are expanded in culture and 

implanted back into the defect site, in the hope that the increased number of 

‘healthy’ cells will deposit new ECM and repair the defect site. This technique was 

developed in the 1980s and has been used in over 12,000 patients worldwide 

(Brittberg 1999;Peterson et al. 2000). Though it was developed for use in joint 

disease it has formed a backbone for cell sourcing in tissue engineering practices.  

Even though they have been applied to Osteoarthritis, the widespread use of a 

mature chondrocytes facial CTE has been restricted. In human studies, preparations 

of injectable autologous cartilage have positively improved the postoperative 

results of simpler augmentation rhinoplasties. For example, the use of auricular 

chondrocytes used in nasal augmentation over a period of 6 years in 75 patients has 

been reported (Yanaga, Imai, & Yanaga 2009). The cells were isolated and passaged 

3 times, increasing their number by circa (c.) 1000 times. They had also formed an 

immature cartilage with obvious chondroid matrix. This neo- tissue was then 

injected subcutaneously into the nasal dorsum. The results of this method have 

been reported as satisfactory and long lasting (Han et al. 2006) [fig 2.4]. The 

technique buttresses the potential for the application of CTE in total nasal 

reconstruction. This would however be dependent on the development of a suitable 

scaffold of correct morphology. For example, constructs have been manufactured 

using the natural and biodegradable polymer, hyaluronan cultured with human 

chondrocytes. These constructs were implanted in vivo into the mouse animal 

model for either 2 or 4 weeks. Some of the constructs were also cultured statically 

for 2 weeks prior to implantation. Results showed that levels of   GAG, Coll II 

proteins as well as bending stiffness were greater in the constructs cultured first in 

vitro. All the constructs were able to produce a degree of cartilage matrix (Farhadi 

et al. 2006;Oseni, Butler, & Seifalian 2012a;Yonenaga et al. 2010). The potential for 

neo-cartilage production with the right scaffold and culture environment is very 

significant and exciting.  
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Fig 2.4 Augmentation Rhinoplasty. An illustration of the injectable chondroid 

matrix used in the augmentation of the nasal dorsum in rhinoplasty procedures 

(Yanaga, Imai, & Yanaga 2009). 
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Despite these positive results there are limitations to using adult chondrocytes. The 

first being the persistent need to harvest cartilage for cell isolation. This equates to 

additional trauma to the patient, a problem already encountered during traditional 

reconstruction and one that tissue engineers aim to avoid. Research has shown that 

circa one million cells can be isolated from 1 gram of cartilage (Tay et al. 2004). 

Depending on the size of the construct to be engineered, this amount could be 

enough or too little. It appears also that there is a greater yield from auricular 

cartilage, compared with septal, the least being costal cartilage (Asawa, Ogasawara, 

Takahashi, Yamaoka, Nishizawa, Matsudaira, Mori, Takato, & Hoshi 2009;Darling & 

Athanasiou 2005;Homicz et al. 2002;Raghunath, Salacinski, Sales, Butler, & Seifalian 

2005;von der et al. 1977).To avoid the need for harvesting large amounts of 

cartilage however, isolated cells are expanded in vitro. This too is difficult as mature 

chondrocytes have a limited replication profile, when propagation in culture can 

lead to dedifferentiation of the phenotype and a loss of chondrogenic potential 

(Kafienah et al. 2002). Auricular chondrocytes appear to have a more sustainable 

and faster proliferation rate c.f. (compared with) nasal chondrocytes (Oseni, 

Crowley, Lowdell, Birchall, Butler, & Seifalian 2011a). Conversely, in another study, 

nasal chondrocytes proliferated up to four times faster than articular chondrocytes, 

and TEC from nasal chondrocytes survived longer for up to 6 weeks, c.f. articular 

cartilage constructs (Tew et al. 2005;Tew et al. 2008). This suggests that restricting 

the site from which cartilage is harvested can be offset by the high proliferative 

capacity of head and neck sources of chondrocytes, compared with articular 

cartilage (Ahmed et al. 2009). 

Alternative solutions to this problem include culturing chondrocytes in high density 

pellets or 3D gels. These culture environments appear to promote redifferentiation 

of the cells. They regain their shape and resume the secretion of Coll II and 

proteoglycans (Goessler et al. 2006). The addition of growth factors such as TGF-β 

has also been shown to have a stabilizing effect on chondrocytes, as well as co-

culture systems where primary chondrocytes have been shown to redifferentiate 

cells and help them maintain their chondrogenic phenotype for longer 

periods(Denker, Nicoll, & Tuan 1995;Johnstone et al. 1998;Lefebvre & Smits 2005).A 

21 day monolayer culture of human naso-septal chondrocytes showed  a decrease 
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in Coll II and VI, which paradoxically returned to normal at the end of the culture 

period, suggesting an inherently reversible period for dedifferentiation of 

chondrocytic cells (Raghunath, Rollo, Sales, Butler, & Seifalian 2007).  

  



- 50 - 
 

2.6.1.2. Stem cells 

Stem cells are characterized by an ability to replicate extensively and differentiate 

into a number of lineages. Chondrocytes are derived from mesenchymal tissue 

therefore MSCs form the stem cell focus in CTE. Advantages of MSCs over other 

stem cells (embryonic and foetal) include their comparatively reduced’ 

tumourogenicity’ and easy availability from a variety of tissue types, namely; bone 

marrow (Barry et al. 2001;Schmitt et al. 2003), adipose tissue (Kannan et al. 

2006;Mehlhorn et al. 2006a;Zuk et al. 2001), umbilical cord blood, synovium 

(Shirasawa et al. 2006), periostium, brain blood vessels and blood (Awad et al. 

2004;Kuwana et al. 2003;Lee et al. 2004;Miura et al. 2003;Sottile et al. 2002). 

Though these stem cells have shown chondrogenic potential, there is no identifiable 

optimal stem cell source for CTE. The basic criteria for the ideal cell types includes 

the following;’ (i) easy accessibility and availability (ii) capacity for self-renewal and 

large scale expansion (iii) a suitable differentiation profile (iv) minimal 

‘tumourogenicity’ (Oseni, Crowley, Lowdell, Birchall, Butler, & Seifalian 2011a)’ 

[Table 2.1]. 

MSCs require the use of specific growth factors to induce chondrogenesis [fig 2.3]. 

There are 5 families of growth factors involved in the process of chondrogenesis, 

namely, TGF-β, FGF, IGF, the wingless family and the hedgehog family. The ability to 

differentiate into chondrocytes has been has been linked with the expression of 

CD105, a TGF-β receptor. This has been further evidenced by research showing that 

the addition of TGF-β to a scaffold constructs helps in the maintenance of a 

chondrogenic phenotype from bone marrow MSCs (BMSCs)(Narayanan et al. 2009). 

Though stems cells serve as an exciting alternative for CTE strategies, our 

understanding of the cues and regulators of stem cell differentiation is limited. The 

interaction between the necessary growth and transcription factors eludes even the 

most experienced research groups; rendering control over such processes is 

restricted. Quite often signs of ‘de novo’ neo-cartilage matrix formation are 

evidenced, but the development of mature tissue is frequently not achieved.  

Despite the difficulties in specific cartilage tissue differentiation from stem cells, 

MSCs do have advantages in other areas that are being exploited for purposes of 
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bioengineering.  There is evidence to suggest that MSCs have useful 

immunomodulatory effects where they decrease inflammation and T-cell regulated 

cytokine expression (Kuo et al. 2012a;Kuo et al. 2012b). They have been successfully 

used as induction therapy in human kidney transplantation to dampen down the 

immune response preventing allograft rejection (Franquesa et al. 2012;Franquesa, 

Hoogduijn, & Baan 2012). MSCs also exhibit an endothelial like phenotype and 

contribute to vasculogenesis and the expression of vascular markers (Chen, Wong, 

& Gurtner 2012). These factors pose the possibility that MSCs could be used in a 

more novel way to coat engineered constructs, such that when implanted in vivo 

the MSCs could serve to minimize inflammation and encourage neovascularisation 

of the construct.  

As for the argument as to whether stem cells are better than MSCs or vice versa, it 

is difficult to tell at this point in time. There is an abundance of research into both 

approaches being conducted and with regards to bioengineering methodology 

there are no set rules for now. Quite often it may well depend on the patients, 

his/her medical conditions and the sorts of procedures he or she is willing to 

undertake. Harvesting cartilage for chondrocyte isolation will leave donor site 

morbidity, though considerably smaller than that of a traditional total nasal 

reconstruction, it carries its own risks. With respect to choice of stem cells, we 

currently know most about bone marrow MSCs which frequently requires a general 

anaesthetic for the process of harvesting, and the quality and quantity of MSCs 

harvested can vary greatly. This can have a knock on effect on the viability of the 

cells when seeded on the construct and therefore the overall construct viability. 

Until more clinical research has been conducted on the use of chondrocyte/MSC 

tissue engineered constructs in vivo and in humans, it will be neigh on impossible to 

draw a scientific conclusion on which is better.  
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Table 2.1. Summary of methodologies used to differentiate human mesenchymal 

stem cell to chondrocytes in vitro. Keys: *denote that work also carried out in vivo; 

Abbreviations: AD -MSC, adipose derived mesenchymal stem cells. AM-MSC, 

amniotic fluid derived mesenchymal stem cells. BMSC, bone marrow stromal cells. 

BM-MSC, bone marrow derived mesenchymal stem cells. Col, collagen. ELP, elastic-

like polypeptide. ESC, embryonic stem cells. sGAG, sulphated glycosaminoglycans. 

PCL, Poly(caprolactone). SMSC, synovium derived mesenchymal stem cell. Table 

taken from (Oseni, Crowley, Lowdell, Birchall, Butler, & Seifalian 2011a) (PTO). 
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Cell Source Methodologies Scaffold 
Inducing 
Factors 

Outcome 

Adipose 
Tissue (Wei et 
al. 2009) 

*To examine the chondrogenic 
potential of adipose tissue 
derived stromal cells 

 

Alginate 
Culture 

 After 2 weeks, AD-MSCs 
expressed Col II, VI and 
Chondroitin 4-sulfate. In vivo, 
cells expressed Col II, VI and 
Aggregan, indicating 
chondrogenic differentiation.  

Amniotic 
Fluid(Kolambk
ar et al. 2007)   

*To assess the chondrogenic 
potential of AM-MSC. 

Collagen 
scaffold in 
vivo 

Recombinan
t human 
BMP-2 

AM-MSC have the potential to 
differentiate into chondrocytes 
in vitro and in vivo. 

Amniotic 
Fluid (Ma et 
al. 2003) 

To investigate the 
chondrogenic potential of AM-
MSC cells in pellet and alginate 
hydrogel culture. 

Pellet 
culture 
and 
Alginate 
hydrogel 
culture 

TGF-β1, 
TGF-β3, 
BMP-2, IGF-
1 and 
dexamethas
one 

AM-MSC expressed Col II and 
sGAG indicating chondrogenic 
differentiation, however 
compared to BMSCs, less 
cartilaginous matrix was 
produced after 3 weeks in 
pellet culture. 

Bone Marrow 
(Ho et al. 
2010;Li et al. 
2005) 

To assess the effect that BMP-2 
has on the chondrogenic 
differentiation of BMSCs under 
serum-free conditions. 

Pellet 
Culture 

BMP-2 and 
TGF-β1 

BMP-2 induced a chondrogenic 
linage development 

Bone Marrow 
(Ho, Cool, 
Hui, & 
Hutmacher 
2010) 

To examine to chondrogenic 
potential of Human BMSCs 
encapsulated in alginate beads 

 

Alginate 
Beads 

TGF-β1 and 
Dexamethas
one 

After 14 days collagen type II 
was detected. Chondrocyte 
marker (COL2A1) and 
Hypertrophy chondrocyte 
marker (COL10A1) were also 
expressed.  

Bone Marrow 
(Markway et 
al. 2010) 

To Differentiate BMSCs to 
chondrocytes on 3D 
nanofibrous scaffold.  

Electrospu
n PCL 

TGF-β1 After 21 days Col II and IX were 
detected 

Bone Marrow 
(Mehlhorn, 
Niemeyer, 
Kaiser, 
Finkenzeller, 
Stark, 
Sudkamp, & 
Schmal 
2006a)  

To examine the chondrogenic 
potential of BMSCs 
encapsulated in alginate based 
hydrogels 

Fibrin 
Alginate-
Hydrogel 
Pellets 

TGF-β1 and 
Dexamethas
one 

The Fibrin encapsulated cells 
expressed collagen type II and 
aggrecan indicating their 
differentiation. into 
chondrocytes 

Bone Marrow 
(Shirasawa, 
Sekiya, 
Sakaguchi, 
Yagishita, 
Ichinose, & 
Muneta 2006) 

To investigate the effect that 
low oxygen environment 
micro-pellet culture has on 
chondrogenic differentiation. 

Low 
oxygen 
environm
ent micro-
pellet 
culture 

 Aggrecan and Col II gene 
expression were increased in 
pellet cultures differentiated 
under 2% O2 relative to 20% O2 
pellets. 

Bone Marrow 
and Adipose 
Tissue 
(Darling & 
Athanasiou 
2005) 

To examine the differential 
expression pattern of ECM 
molecules in BMSCs and AM-
MSCs following chondrogenic 
differentiation 

Cells were 
encapsula
ted in 
Alginate 

TGF-β1 Collagen type II and X were 
secreted more strongly by 
BMSCs than AM-MSCs. BMSCs 
expressed a more mature 
phenotype than AM-MSCs 
after chondroinduction. 

Bone Marrow 
and Synovium 
(Schnabel et 
al. 2002) 

To compare the chondrogenic 
potential of SMSCs to BMSCs 
and assess the optimum 
conditions for SMSCs 
chondrogenesis. 

Pellet 
Culture 

BMP-2, TGF-
β and 
dexamethas
one 

SMSCs and BM-MSCs has 
similar morphology. Cartilage 
pellets from SMSCs were 
significantly larger than those 
from BMSCs.  
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2.6.2. BIOMATERIALS  

Cells live, grow, proliferate and differentiate inside a complex 3D ECM environment. 

In cartilage, chondrocytes are surrounded by a hydrated matrix of proteins that 

influence their phenotypic behaviours. As mentioned earlier, research has shown 

that chondrocytes grown in a 2D environment will lose their differentiated 

phenotypes (Denker, Nicoll, & Tuan 1995;Johnstone, Hering, Caplan, Goldberg, & 

Yoo 1998;Lefebvre & Smits 2005). Protein assays and histological evaluations show 

a tendency to follow a fibroblastic lineage where Coll I expression is increased and 

the archetypal rounded chondrocyte morphology becomes spindle in shape (Drury 

& Mooney 2003;Lee & Mooney 2001). It has been shown, that upon re-incubation 

in a 3D culture systems such as micro-mass culture and pellet culture, the 

dedifferentiated phenotype is reversible (Oseni, Crowley, Boland, Butler, & Seifalian 

2011d).  

It is for this reasons that biomaterials have been proposed as engineered 3D 

environments in which chondrocytes can be seeded to lay down ECM. For many 

years, cell biologists and material scientist have endeavoured to optimize the tissue 

engineering suitability of a number of biomaterials [Table 2.2]. Features that are 

thought to be necessary include the following; 1) Promotion of cell adhesion and 

migration, with subsequent proliferation and differentiation. 2) Architecture that 

frames tissue formation, whilst providing mechanical support akin to native 

tissue.3) Optimized porosity, crucial for maintaining the chondrocytic phenotype of 

the differentiated chondrocytes in light of their preference for 3D environments. A 

porous matrix would also allow the mass transfer of nutrients and waste products. 

4) Biocompatibility with the ability to biointegrate into surrounding tissue. 5) Lastly, 

biodegradable though there is still debate about whether the scaffold should be 

biodegradable or not. Purists would state that the aim of tissue engineering is to 

produce a construct such that the histology is indistinguishable from native tissue. A 

scaffold degradation rate that is carefully matched to the rate of neo-tissue 

generation  would be the ideal scenario (Rahfoth et al. 1998). 

2.6.2.1. Natural 

There are a number of natural materials which are used as bioactive scaffolds. They 

include agarose, alginate, collagen, hyaluronic acid and acellular cartilage matrix 
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(Cartilage tissue chemically stripped of all nucleic material). The potential of these 

scaffold matrices is however restricted by poor mechanical strength and flexibility, 

in addition to a greater potential for disease transfer and immune system reactivity 

if sourced from allogenic donors. Their biochemical make-up leaves them prone 

also to host-related degradations (Chia et al. 2004;Chia et al. 2005). 

Agarose: a polysaccharide consisting of a linear chain of agarobiose. It is derived 

from Asian seaweeds and is capable of supporting the chondrocyte phenotype. 

Agarose can be used to produce hydrogels which can encapsulate chondrocytes 

providing a 3D matrix for their proliferation and maturation. Allograft transplants of 

chondrocytes in agarose gel have been used to repair osteochondral defects in 

rabbit knees. Results show that there we no graft versus host rejections. 47% of 

grafts had a morphologically stable hyaline like cartilage after 18 months in vivo 

(Drury & Mooney 2003;Griffon et al. 2006;Lee & Mooney 2001).    

Alginate: a component of brown marine algae consisting of 1,4-linked β-D-

mannuronnic and α-L-guluronic residues. These are both soluble in aqueous 

solutions and when cross-linked with bivalent cations such as Ba2+ or Ca2+, can form 

stable hydrogels (Chia, Schumacher, Klein, Thonar, Masuda, Sah, & Watson 

2004;Chia, Homicz, Schumacher, Thonar, Masuda, Sah, & Watson 2005;Griffon, 

Sedighi, Schaeffer, Eurell, & Johnson 2006;Ragetly et al. 2010). 

Chitin: found in the exoskeleton of arthropods, it is a polysaccharide based on a 

proteoglycan similar to GAGs. Though it is available in abundance, it is not 

extensively used because it is degraded by enzymes found in bodily fluids, such as 

lysozyme (Oseni, Butler, & Seifalian 2012b).  

Collagen I and II: the Major ECM components of cartilage. Enables chondrocytes to 

use inherent cell-surface receptors to adhere to the matrix and use standard 

signalling pathways to regulate proliferation and growth. Much like chitin, it is 

subject to enzymatic breakdown (Shieh, Terada, & Vacanti 2004a). 

Fibrin: isolated from human blood samples. Has the potential for autologous 

sourcing as well as allogenic. Fibrin has a comprehensive history of biocompatibility 

in surgery where it is used as a wound adhesive. Much like collagen, chondrocytes 
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have integrins that can bind directly to fibrin and aid the adhesion of these cells to 

fibrin matrices (Oseni, Crowley, Lowdell, Birchall, Butler, & Seifalian 2011a).  

Hyaluronic Acid: a non-sulphated GAG (sGAG), found in abundance in cartilage ECM. 

Hyaluronic acid is quintessential for maintaining the biological and mechanical 

properties of cartilage.  

2.6.2.2. Synthetic 

The main aim of synthetic scaffolds is to provide a 3D environment that supports 

essential cell functions, whilst mimicking the biomechanical properties of the host 

tissues. It is thought that by using synthetic scaffolds, there is potentially a limitless 

amount of the material that can be manufactured in addition to minimising the 

attack from the recipients’ immune responses. Scaffolds need to have mechanical 

longevity in vivo, ensuring that the construct does not collapse over time 

necessitating subsequent revision surgeries. The properties of synthetic materials 

are more amenable to mechanical and biochemical modification than natural 

substances, creating the potential for producing a wide range of materials with 

widely varying characteristics. The following are examples of materials being 

applied to CTE. 

Polyhydroxyacids: polyhydroxyacids such as PLLA [poly (L-lactic acid)], PCL [poly (L-

lactide-ε-caprolactone)] and PGA [poly (glycolic acid)] have been well investigated 

for their potential as cartilage scaffold matrices.  They are easily fabricated into 

fibrous or open lattice sponges. PGA is highly biodegradable (5 weeks); PLLA can last 

in vivo for up to 3 years. PCL and PGA have been used to produce ear scaffolds for 

tissue engineering auricular cartilage (Shieh, Terada, & Vacanti 2004a).  

Elastomeric polyurethanes e.g.: PCU, poly carbonate urethane: Excellent history of 

use in a variety of biomedical instruments e.g. catheters, intra-aortic balloons and 

breast implants. Can be made biodegradable or non biodegradable. 

PEG [poly (ethylene glycol)]: Approved by the FDA (Food and Drugs Administration) 

and has undergone extensive research into its ability to promote chondrogenesis. 
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Table 2.2 Summary of in vitro and in vivo studies that have used various scaffolds to engineer cartilage (2005-2010). Keys: *Unknown 

Origin. **Clinical Study. ***(Fidia Advanced Biopolimer Srl, Abano Terme, Italy) Abbreviations: AD-MSC, adipose derived 

mesenchymal stem cells. BMSC, bone marrow stromal cells. BM-MSC, bone marrow derived mesenchymal stem cells. Coll, collagen. 

ECM, extra cellular matrix. GAG, glycosaminoglycan. Hbx, homeobox. IHC, immunohistochemistry. Ihh, Indian hedgehog. OA, 

osteoarthritis. PTHrp, parathyroid hormone replacement hormone. RT-PCR, real-time polymerase chain reaction. SEM, scanning 

electron microscopy. sGAG, sulphated glycosaminoglycan. Table taken from (Lee, Choi, Min, & Park 2007).  

Ref. Fabrication Method Cells Source Outcome 

Natural 

ALGINATE 

 

(Dobratz, 
Kim, 

Voglewed
e, & Park 
2009b) 

Chondrocytes in 
suspension with 2% 
sodium-alginate 

In vivo; 500µl of suspension injected 
subcutaneously into dorsa of nude mice. 
Calcium chloride then injected into this area 
to stimulate cross linking of the scaffold. 
Cartilage harvested from 14 to 38 weeks 

Human nasal 
septal 
chondrocytes 

Gross analysis showed that 14/15 constructs 
resembled native human cartilage. 6 of the explants 
had histologically homogenous resemblance to native 
cartilage. The neo-constructs stained positively for 
Coll II.  

(Lin et al. 
2009) 

3D alginate gels In vitro; cell/gel constructs were cultured for 
0, 6, 12, 18 and 24 days 

Human MSCs qRT-PCR results provided a temporal analysis for 
marker expression during chondrogenesis. Stage I 
(days 0–6): Coll I and VI, Sox 4, and BMP-2. Stage II 
(days 6–12): Cartilage oligomeric matrix protein, 
HAPLN1, Coll XI, and Sox 9. Stage III (days 12 -18): 
Matrilin 3, Ihh, Hbx 7, chondroadherin, and WNT 11. 
Stage IV (days 18–24): aggrecan, Coll IX, II, and X, 
osteocalcin, fibromodulin, PTHrP and alkaline 
phosphatise. 
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FIBRIN 

(Kim et al. 
2010) 

Fibrin gel In vivo: ACI on 30 patients using minimally 
invasive injection techniques. Mix of fibrin gel 
and chondrocytes.  

Autologous 
adult 
chondrocytes 

Patients evaluated 24 months post operatively using 
the Cincinnati knee ligament rating scores, for which 
10 patients had excellent result, 17 with good results, 
two fair and one poor result. Further arthroscopy in 
10 patients demonstrated good fill and integration in 
grafted areas.  

(Sha'ban 
et al. 
2008) 

PLGA/Fibrin hybrid 
scaffold  

In vitro; PLGA scaffold soaked in chondrocyte-
fibrin suspension (polymerized by thrombin 
CaCl2 solution), Constructs were cultured for a 
maximum of 21 days. 

Rabbit articular 
chondrocytes 

Cell proliferation increased steadily until day 14, but 
declined by day 21. Cartilage formation evident at 
day 14, confirmed by the presence of cartilaginous 
cells embedded in basophilic ECM filled lacunae. 
Proteoglycan and GAG presence was confirmed. 
Suppression of the cart dedifferentiation marker Coll 
I observed after 2 and 3 weeks in culture. sGAG 
production greater in fibrin/PLGA compared with 
PLGA control.  

HYALURONIC ACID(HA) 

(Chung & 
Burdick 
2009)  

***Hyaff®-11, 
biodegradable 
polymer, nonwoven 
mesh 

In vitro; Chondrocytes were harvested from 
OA patients and seeded onto Hyaff®. 
Constructs remained in culture for 28 days, 
analysed on day 0, 7, 14, 21 and 28.  

Human 
Autologous 
chondrocytes 

Viability and proliferation of OA chondrocytes similar 
to cells from normal subjects. Immunohistochemistry 
showed no signs of ageing or degeneration in 
cartilage produced by OA cells. The experimental 
groups and controls both had significantly raised Coll 
II, Sox 9 and aggrecan. Suggests OA cells benefit from 
the HA rich environment. 



- 59 - 
 

(Yoo et al. 
2005) 

Hydrogel (in vitro), 
beads(in vivo) 

In vitro and In vivo; implanted into nude mice. 
Constructs were cultured in vitro for 2 weeks 
prior to implantation. Constructs remained 
implanted for 2 weeks. 

Human MSC Both in vitro and in vivo cultures of MSC-laden HA 
hydrogels enabled chondrogenesis. This was 
measured by the early gene expression and 
production of cartilage specific matrix proteins 
(aggrecan, Coll II). HA hydrogels were compared to 
relatively inert poly(ethylene glycol) (PEG) hydrogels, 
and showed enhanced expression of cartilage specific 
markers 

Synthetic 

PLGA- Poly(lactic-co-glycolic) acid 

(Mehlhor
n et al. 
2006b) 

PLGA scaffolds In vivo: PLGA scaffolds were seeded with AD-
MSC, cultured in TGFβ1 containing medium 
for 3 weeks, prior to implantation in the 
subcutaneous pockets of nude mice for 8 
weeks.  

Human AD-MSC RT-PCR demonstrated the increased expression 
profiles of chondrospecific marker mRNA, compared 
with control samples after 3 weeks in vitro and 8 
weeks in vivo.  

(Baek & 
Ko 2006)  

PLGA scaffolds In vivo; cells were pre-cultured on poly-HEMA 
coated dish, then seeded onto PLGA. The 
construct was implanted into the 
subcutaneous pockets of nude mice for 16 
weeks. 

Chondrocytes Macroscopic signs of neo cartilage formation 
appeared at 8 weeks, and completed by 16 weeks. All 
constructs showed viable chondrocytes with normal 
lacunae and ECM. They stained positively for Coll II. 
Control was a cell-free scaffold implanted into the 
other side of the dorsum on the same mouse.  

PCL- Poly(caprolactone) 

(Kim, Lee, 
& Im 
2010) 

3 porous PCL 
scaffold types 
investigated 
(1)PCL/Pluronic 
F127, (2)PCL 
collagen and 
(3)PCL/Pluronic 
F127/collagen, in 

In vitro; 3 porous PCL scaffold modifications 
investigated (1) PCL/Pluronic F127, (2) PCL 
collagen and (3) PCL/Pluronic F127/collagen, 
in addition to (4) PCL only. Cultured for 3 
weeks. 

Human BM-
MSC 

The 3 surface treated scaffolds had higher chondro-
specific DNA content than the PCL only. GAG 
concentrations were also higher than in the PCL only, 
and RT-PCR showed that Sox 9 and Coll IIA1 were 
remarkably elevated in the modified PCLs. Notably, 
Coll IA1 and ColI 0A1 mRNA levels were lower in the 
three modified scaffolds than in the PCL, suggestion 
prevention of the dedifferentiated phenotype.  
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addition to (4) PCL 
only 

(Li, Tuli, 
Huang, 

Laquerrie
re, & 
Tuan 
2005) 

Electrospun 3D 
nanofibrous 
scaffold 

In vitro; MSC seeded onto pre-fabricated 
nanofibrous scaffold for 21 days 

Human BM-
MSC 

Histological analysis was congruent with cartilage 
formation when cells were grown in medium 
containing TGFβ1. The cartilage specific gene profile 
(Aggrecan, Coll II and Coll X) was low, but improved 
significantly in chondrogenic medium with TGFβ1. 
Coll X levels were paradoxically down regulated. 
There was positive IHC for cartilage specific ECM 
molecules.  

PGA-Polyglycolic acid 

(Zhu et al. 
2009) 

PGA-HA composite 
scaffold 

In vivo; MSC were seeded onto the PGA-HA 
and co-cultured for 72hours. There were then 
implanted into full thickness cartilage defects 
in the intercondylar fossa of rabbit femurs. 
Constructs were then harvested after 16 or 
32 weeks of surgery. 

Rabbit MSC Grossly, the constructs demonstrated hyaline 
cartilage formation and at 16 weeks, there appeared 
to be integration with surrounding normal cartilage 
and subchondral bone. At 32 weeks there was no sign 
of degradation of the neoconstruct.  

(Zhou et 
al. 2008) 

PGA vs. PLA bio-
resorbable 
nonwoven scaffolds 

In vivo; Cells seeded onto scaffolds and 
cultured for 7 days in serum free media, 
before implantation into subcutaneous nude 
mice for 6 and 12 weeks  

Human articular 
chondrocytes 

Aggrecan synthesis always higher in the PGA groups. 
mRNA gene expression for Coll II significantly higher 
in the PGA groups after 6 and 12 weeks. Expression 
of Coll X and cartilage oligomeric matrix protein 
increased on both scaffolds.  
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2.6.2.3. The Role of Nanotechnology in Synthetic Scaffold Synthesis 

The increased sophistication of biomaterial technology is allowing scaffolds with 

architecture more and more like the ECM to be fabricated. It stands to reason that if 

the scaffolds ‘look’ and ‘feel’ more like the native ECM, cells are more likely to 

respond to it in a natural way, thereby producing better tissue constructs. These 

scaffolds are known as biomimetic, and there is an emerging field that is helping 

tissue engineers to achieve this aim. This field is nanotechnology. 

Cell growth and spreading over the matrix surface is directly related to the spread 

of microscale ECM proteins over its surface. This is irrespective however of the 

spatial and geometric arrangement of the proteins (Lehnert et al. 2004). This theory 

has been tried and tested at the microscale level of tissue engineering, and there is 

increasing evidence to indicate that cells are able to alter their behaviour 

differentially in response to changes on the nanoscale also (particles with one of 

more dimensions on the nanoscale of 10-9). These changes include cytoskeletal 

changes or altered morphology, cell scaffold interactions, motility, and gene 

expression. There is experimental support for some sort of scaffold topography-

dependent transduction that communicates with the cell independent of chemical 

signalling from ECM molecules (Curtis et al. 2004b;Curtis, Dalby, & Gadegaard 

2006). Studies have since demonstrated that this cellular response is  directly 

related to the topographical pattern of adhesive ligands on the scaffold surface 

(Curtis, Gadegaard, Dalby, Riehle, Wilkinson, & Aitchison 2004b;Dalby et al. 

2004c;Khang et al. 2008b;Webster & Ahn 2007b) [fig 2.5, PTO]. 

Since the revelation that nanotopography plays a crucial role in the governing cell-

matrix interactions, many physical and chemical methods have been developed to 

engineer geometrically defined nanopatterns on the surface of scaffold materials. 

Rudimentary methods of acid treatment (Knabe et al. 2004), bonding with calcium 

cations (Hanawa et al. 1997), and nanoparticles coating has allowed the 

introduction of nanofeatures into the surface topography of scaffolds. 

Modifications with Lanthanum phosphate (LaPO4) nanoparticles has been shown to 
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increase osteoblast adhesion to traditional bioceramics; Hydroxyapatite and 

Tricalcium phosphate (Ergun, Liu, & Webster 2009). Similarly the levels of 

chondrocyte adhesion increased on 70%/30% (wt) PLGA/titanium composite 

scaffolds (Kay et al. 2002b). Nanofeatures can be added in many ways, from 

nanopits and grooves, to the incorporation of nanopillars, nanodots and more 

traditional nanoparticles.  

 

Fig 2.5 Diagrammatic illustration of the integrin mediated interaction of cells with 

nanoparticles on scaffold materials. 

Nanopatterning that exactly replicates the surface arrangement of integrin-binding 

epitopes as found in the ECM has been a challenge not yet met. Integrins are the 

finger like projections on the cell surface, by which the cell interact with and bind to 

the surrounding matrix. Research has shown that integrin mediated signalling 

operates within a minimum surface density. The exact spatial arrangement of these 

ligands in vivo has not been elucidated. The closest estimate has been with the 

development of a block-copolymer micelle nanolithography technique to label 

surfaces with hexagonal arrays of gold nanodots coated with one RGD peptide 
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(found in adhesive glycoproteins such as fibronectin and vitronectin) (Cavalcanti-

Adam et al. 2005;Cavalcanti-Adam et al. 2006). When the scaffolds where seeded 

they found that only 28nm and 58nm spaces between the nanodots would allow 

adequate clustering of integrins (Takagi & Springer 2002). Other studies using RGD-

coated gold nanoparticles have shown that the speed of migrating cells decreases 

when binding particle density increases, with a peak velocity at circa 120nm. This 

suggests that a boost in particle density was able to increase levels of adhesion 

(Arnold et al. 2008;Hirschfeld-Warneken et al. 2008). Conversely, research has also 

shown the MSC osteoblastic differentiation can be reduced by regularly arranged 

hexagonal nanopits arrays compared with arrays with a slight irregularity (Dalby et 

al. 2007a). Studies by Biggs et al 2007 produced similar results. Highly ordered 

nanopits resulted in a reduction in the length and number of focal adhesions 

(integrin binding points), compared with controlled disorder increasing focal 

adhesion formation and size (Biggs et al. 2007). More specifically, data has also 

shown that nanostructured PLGA can improve the speed of chondrocyte 

attachment, growth and proliferation, thereby  improving ECM production (Kay, 

Thapa, Haberstroh, & Webster 2002b). And though the current research into 

nanomaterials and cartilage tissue engineering is just evolving, there are many 

lessons to be learnt from nanomaterials used in bone (Khang, Lu, Yao, Haberstroh, 

& Webster 2008b;Khang et al. 2008a), skin (Lu et al. 2008) and vascular (Miller et al. 

2004) tissue engineering research.  

Most recently, a new nanocomposite polymer has been developed by our lab for a 

variety of tissue engineering purposes. Covalently bound polyhedral oligomeric 

silsesquioxane (POSS) nanocages improve the chemical and physical properties of 

some polymers which are frequently used in biomedical devices. Our research has 

shown that POSS nanocages improve the biocompatibility, biostability and elastic 

modulus of a well known polymer, polycarbonate urethane (PCU) (Kannan, 

Salacinski, Edirisinghe, Hamilton, & Seifalian 2006;Raghunath et al. 2009b). It is this 

polymer that forms the basis for research in the experimental studies to follow [fig 

2.6]. 
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Fig 2.6 Schematic diagram of the structure of POSS PCU and the POSS nanocage. 

 

2.7. CHALLENGES FOR THE CLINICAL APPLICATION OF CTE  

Over the past two decades the amount of data on cartilage tissue engineering 

strategies has risen exponentially. There is now a plethora of exciting in vitro data 

evaluating chondrocyte/MSC seeded biomaterial constructs. Perhaps one of the 

most iconic studies in cartilage tissue engineering research was produced by Cao 

and Vacanti’s group in 1996, when they implanted an auricular shaped cartilaginous 

construct onto the back of a mouse (Cao, Vacanti, Paige, Upton, & Vacanti 1997). 

Even with all the advancements in stem cell and biomaterial technology, the 

invention of various bioreactor systems, little has progressed beyond this 

scientifically historic event. Most constructs fail to develop beyond immature, 

inflexible neo-cartilage that lacks the durability essential to most clinical 

applications.  

There are a number of reasons for the stagnation in translation to clinical practice. 

Many of which have been discussed throughout the course of this chapter. On a 

cellular level, reasons for poor research outcomes could also include;  

(i)Regenerative cells being lost through leakage of the cell suspension (Archer et al. 

2006), (ii) inflammatory cytokine, matrix metalloproteinase, nitric oxide mediated 

apoptosis and necrosis at the site of injury. These biochemical factors are released 
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as part of the normal inflammatory and wound healing process, especially at the 

interface between host and repair tissue, which can also adversely affect 

biointegration of the neo tissue. The use of anti-apoptotic factors would be crucial 

in maintaining cell numbers but also in creating a favourable environment for 

biointegration (Hunter & Levenston 2004b). (iii) The poor migration capacity of 

chondrocytes could also be responsible for hampered infiltration of repair tissue 

into the host environment. (iv) Naturally slow rates of chondrocyte ECM production 

could slow down integration as well disparities in the organization of neo-cartilage 

matrix compared with the zonal arrangement of native cartilage tissue (Hunter & 

Levenston 2004a). (v) Dedifferentiation of chondrogenic cells is another problem, 

and is likely responsible to the highly fibrotic nature of neo-cartilage produced, 

suggesting that over time, cells may have dedifferentiated into fibroblasts or 

incompletely differentiated into chondrocytes. Solutions would include seeding 

with cells that have been fully differentiated in vitro, but again there would be 

difficulties with motility, proliferation and shelf life.  

In addition to the cell based scientific problems associated with cartilage 

engineering tissue research, ambiguous regulatory guidelines also hamper the flow 

of innovation from laboratories to clinics and operating theatres. The EU regulation 

on Advanced Therapy Medicinal Products (ATMP), which includes tissue engineered 

constructs, is still in its infancy having only been formally established in December 

2008. ATMP regulation aims to proved a coherent and tailored framework for tissue 

engineered products, however that nascent and fast growing nature of the tissue 

engineering field means that’s there is a constant threat of irrelevance over the 

guidelines developed under this regulation. Tissue engineering technology needs to 

reach a level of quality controlled and quality assured reproducibility to allow for 

not just clinical efficiency, but also commercial viability. Methods of stem cell 

differentiation, cell seeding, scaffold fabrication and bioreactor 

development/implementation all need to be governed by Good Manufacturing 

Practice (GMP). Additionally, methods of commercialization ought to be better 
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established, to avoid uncertainty in the markets, improve regulatory approval and 

clinical uptake/use (Martin, Smith, & Wendt 2009).  

2.8. SUMMARY 

The emerging field of tissue engineering has the potential to revolutionize 

reconstructive surgery as we know, with the possible advantages being no more 

evident than in clinical total nasal reconstructions. Total nasal reconstructive 

surgery is complicated, and tissue engineering could ameliorate some of the 

challenges that are encountered during this surgery. The ability to produce bespoke 

cartilage constructs with predetermined shape and size, could not only reduce the 

complexity and length of these operations, but also improve clinical outcomes. 

Researches around the world have been developing techniques for de novo 

synthesis of cartilage in vitro. Nanotechnology has proven to be a crucial 

component of scaffold production, by enhancing the biomimetic properties of 

scaffolds, and therefore improving their ability to support chondrocyte growth. The 

concepts and research described in this literature form the basis for investigation in 

the following chapters of this thesis, where the principals of CTE are applied to the 

novel nanocomposite polymer POSS PCU.  
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3.1. INTRODUCTION 

This section includes an accurate description of the general methodologies used in 

the investigations described in the experimental chapters (Chapters 4-7). Slight 

modifications may have been made to each protocol depending on the experiment 

conducted, this has however been highlighted in the specific chapters. Other 

methods that were not routinely used have also been described in detail in their 

respective chapters. 

3.2. CELL CULTURE 

3.2.1. CHONDROCYTE CELL CULTURE 

Chondrocytes were isolated from a variety of tissues ranging from human 

nasoseptal and articular cartilage, to sheep nasoseptal cartilage. The protocol for 

isolating the chondrocytes was developed during the course of this PhD research 

and is described in detail in Chapter 4 as part of the experimental work.  

Cells were preserved using a process known as cryopreservation. The harvested 

chondrocytes were stored in 1ml aliquots of freezing media (10% (v/v) Dimethyl-

sulfoxide, DMSO and 90% (v/v) Foetal Bovine Serum, FBS.  Sigma-Aldrich and Gibco, 

respectively) in 1.5ml cryovials (Cryoware, Sigma-Aldrich) and cooled to sub-zero 

temperatures of c.196°C in liquid nitrogen. Peri-experimental results showed that 

an average recovery of 65% could be expected from each vial (n=30, p<0.001).  

To culture the cells from cryopreservation, the vial was remove from liquid nitrogen 

storage and thawed inside a cell culture cabinet for 5-10 minutes. The cells were 

then seeded into sterile flasks containing HEPES (N-(2-Hydroxythylpiperazine) -N’-(2 

ethanesulphonic acid) buffered DMEM/F-12 (Dulbecco’s Modified Eagles Medium, 

Ham F-12, Invitrogen) supplemented with 20% (v/v) FBS, 1% (v/v) PenStrep 

(penicillin- streptomycin, Gibco), 1% (v/v) AmphB (Amphotericin B, Gibco). These cells 

were left undisturbed for a period of 3 days, in a humidified incubator at 37oC and 

5% CO2. This was to allow the cells a period of recovery before experimentation.  

Cells were seeded at a density of 1.3 x 104 cells/cm3. The cells were washed with 
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sterile HBSS/PBS and the media changed every three days to ensure efficient waste 

removal and nutrient supply.  

On average after a 7 day incubation period, the flask would reach 95% confluence. 

Trypsinization was used the passage the cells into new flask to propagate the cells 

to greater number. The flask containing adhered cells was first washed with HBSS to 

remove any residual FBS, which neutralizes the effect of the trypsin enzyme.  1-

2.5ml of 0.25% TrypsinEDTA (Invitrogen, UK) was used to digest the cell 

attachments and lift the cells of the flask tissue culture plastic. The cells were 

incubated for 5 minutes in a humidified incubator before neutralization with 

supplemented DMEM/F-12.  The chondrocytes were then pelleted by centrifugation 

at 1500rpm for 5 minutes, washed with HBSS and re-suspended in fresh 

supplemented DMEM/F-12. The cell solution was then divided into new flasks 

according to various dilutions ratios, most commonly 1:2 and 1:4 depending on the 

final cell number needed for the experiment. Throughout the chondrocyte based 

experiments, the passage number of the cells used was no more than P5, to ensure 

the cells were still phenotypic chondrocytes at the time of experimentation. The 

author would like to refer the reader back to Chapter 2, where the propensity for 

mature chondrocytes to dedifferentiate after prolonged propagation was discussed 

[fig 3.1].   
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Fig 3.1 Human articular chondrocytes in culture. A) P1 chondrocytes at day 3 of 

culture. The majority of the cells have a rounded, dome-like 3D morphology 

characteristic of chondrocytes. B) P5 chondrocytes at day 3 of culture. The same 

rounded morphology is seen in a number of cells, however there are cells with a 

flatter appearance and more spindle shaped projections (arrow 1 and 2 

respectively), mimicking the fibroblast morphology and suggesting some level of 

dedifferentiation.  

3.2.2. MESENCHYMAL STEM CELL CULTURE 

BMSCs were used in a number of experiments during the course of investigation. 

Cryovials of preserved human BMSCs prepared and stored by staff at the Paul 

O’Gorman Laboratory of Cellular Therapeutics, Royal Free Hospital NHS Trust were 

a generation donation to this research. The cells were cryopreserved using the 

method described in the previous section.  

To culture the cells from cryopreservation, much like in the previous sections, 

cryovials were left to thaw in a cell culture cabinet. Once thawed the cells were 

added to flasks containing α-MEM (α-Minimum Essential Media) supplemented as 

described in the previous section with 10% (v/v) FBS, 1% (v/v) PenStrep and 1% (v/v) 

AmphB. The BMSCs were seeded at an initial density of 5 x 104 cells/cm3.  The 

media on these cells was changed the following day after seeding, and every 3 days 

thereafter. The cells were passaged using the protocol described in the previous 

section, and subsequently seeded at a density of 500 cells/cm3. This seeding density 
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is part of an established protocol from the Paul O’Gorman Laboratories where a 

series of trials showed that this density was most suited to producing a good yield 

of viable cells.  

Fig 3.2 Human Bone Marrow Derived Mesenchymal Stem Cells. These cells are in 

culture at P2. Note the flatter, 

larger and spindle shaped 

appearance of these cells, similar 

to fibroblasts. They have finger 

like projections which are in 

contact with one another and 

probably mediate some cell 

behaviour.  
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3.2.3. SCAFFOLD SEEDING AND CULTURE 

The method described here pertains to the seeding of cells onto 2cm3 scaffold disks 

which served as the mainstay of in vitro testing during the course of the 

experimentation. Cells were trypsinized from culture flask and put into suspension 

of supplemented CCM. The concentration of the cells varies according to the final 

seeding density.  

Various methods for sterilizing scaffold were tried and tested, ranging from U.V. 

irradiation, and microwaving to autoclaving and washing in 70% ethanol. 

Preliminary results of cell culture showed that culturing on scaffolds that had been 

autoclaved (subject constructs to high pressured steam of 121°C) and microwaving 

at 900W for 1 minute in sterile PBS just before culture were the most sterile and 

least likely to develop infections over the longest culture period used, 21 days.  

After being placed into 24 well plates (Nunc), each scaffold was pre-incubated for 1 

hour in 1ml of supplemented CCM to allow for adhesion proteins such as 

fibronectin present in the media to bind to the scaffold surface aiding cell adhesion. 

The CCM was removed and aliquots of the cell were applied to the centre and 

surface of the scaffold using sterile pipettes. The scaffolds were incubated for a 

further 20 minutes to ensure a majority of cells had settles on the scaffold, before 

the addition of another 1.5ml of supplemented CCM. The cells/scaffolds were then 

incubated in a humidified incubator with 5% CO2.  

3.2.4. CELL VIABILITY 

3.2.4.1. AlamarBlue® Assay  

AB (AlamarBlue®, Serotec, Kidlington, UK) is a commercially available substance 

used for the quantitative measure of cell proliferation, cytotoxicity and viability. 

Resazurin and resarfurin are used as colorimetric indicators of oxidation. These 

indicators respond by changing their colour according to changes in cell 

metabolism. The colour change is measured at excitations of ~ 570 and emission of 

~ 630nm. The advantages of this assay are that it is soluble in media, stable in 

solution, minimally toxic to cells and produces changes that are easily assessed. AB 
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was added to cell culture media (CCM) at a concentration of 10% (v/v). At each 

assay time point, the media was removed from the wells, cells washed with 1ml of 

PBS and 1ml of AB/CCM was added to the wells. AB/CCM in wells with no cells was 

used as a negative control as well as unseeded scaffold discs in AB/CCM. After 

4hours, a 200μl sample of the AB/media was removed and the fluorescence at 570 

and 630nm measured in a 96 well plate (Nunc, Thermo Fisher Scientific, UK) using 

the Fluoroskan AscentFL spectrofluorometer (Thermo Lifesciences, Basingstoke, 

UK). Results are given in arbitrary units. 

3.2.4.2. Lactate Dehydrogenase Assay 

Lactate dehydrogenase (LDH) is an enzyme that is released when cells are lysed, 

therefore dead. LDH was measured using a CytoTox 96s non-radioactive cytotoxicity 

assay kit (Promega, Southampton, UK). The amount of LDH released is measured 

using a 30-min coupled enzymatic reaction based on the conversion of a tetrazolium 

salt INT (2-p-iodophenyl-3-pnitrophenyl-5-phenyl tetrazolium chloride) into a red 

formazin product. The amount of coloration produced is directly proportional the 

number of lysed cells. 50μl samples of CCM were transferred from each well to a 

96-well plate (Thermo Fisher Scientific, UK). 50μl of substrate mix was added to 

each well and the plate covered in foil. After a 30min incubation period, the 

reaction was stopped by the addition 50μl of stop solution (1M acetic acid). The 

absorbance was then read at ~ 492nm using an Anthos Microplate absorbance 

reader 2020 vs.2 (Biochrom Ltd, Cambridge, UK). Results are given in arbitrary units. 

3.2.5. CELL PROLIFERATION 

3.2.5.1. Live or Dead stain 

Tryphan Blue is a diazo dye used to determine cell viability. When cell membranes 

are intact the dye is unable to permeate through the cell and the cell appears 

without stain under a microscope. In dead cells however, the membrane is lysed 

and the dye is able to permeate through, staining the cells blue. In this way using a 

cell counter (in some a cases a haemocytometer) the number of cells that are alive 

in a cell fraction can be calculated as a percentage of the total number of cells.  
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Immediately after trypsinization, a small sample of cells is taken c. 10ul and mixed 

with Tryphan Blue (Invitrogen) at a 1:1 ratio. Using the Countess Cell Counter 

(Invitrogen) the total number of cells was counted, and the number of live versus 

dead cells was also assessed. The results are calculated and given per ml of cell 

suspension [fig 3.3].  

 

Fig 3.3 Haemocytometer. A small aliquot of the cell suspension is placed in the 

haemocytometer. Image a represents an area of 1mm2 which at a depth of 0.1mm 

gives a volume of 0.1mm3. When using a 1:1 dilution with Tryphan blue, the number 

of cells in the 10µl will equal An Average count of 4 squares x 104.  

3.2.5.2. Picogreen Assay 

Quanti-iT™ Picogreen® dsDNA reagent is an especially sensitive fluorescent nucleic 

acid stain specific for double-stranded DNA (dsDNA). This assay was used to 

determine the amount of DNA within test samples which was correlated against a 

standard curve of cell number versus fluorescence, which allowed the number of 

cells in each test sample to be calculated.  
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A standard DNA curve was first constructed. Known quantities of DNA (0ng, 1ng, 

10ng, 100ng, 1000ng) were assayed using the reagents described below. Known 

quantities of cells (1 x 104, 5 x 104, 1 x 105, 5 x 105, 1 x 106 and 5 x 106) were also 

assayed to allow fluorescence, therefore DNA quantity to be correlated to cell 

number. Peri-experimental results showed that for chondrocytes, c.0.06ng of DNA 

could be expected per cell (n=12, p<0.01). 

500µl TE (Tris-EDTA) buffer (Invitrogen UK) was added to 10ml sterile water to 

produce the appropriate concentration of TE buffer. Quant-iT™ Picogreen® dsDNA 

reagent (Molecular Probes UK) was diluted x200 in the TE buffer dilution. Media 

was removed from the 24 well plates, after which the samples were washed with 

HBSS and trypsinized using 0.25%TrypsinEDTA (Invitrogen) for 10mins. The cell 

suspension from each well was transferred to a labelled eppendorf. The cells were 

then centrifuged at 3000rpm for 10 minutes to rupture the cell membranes 

enabling access to the nucleic material. The samples were also run through a small-

bore needle several times to ensure maximal disruption to the cell membranes.  The 

diluted Picogreen reagent was added in a 1:1 ratio to each sample, 200µl of which 

was transferred to a black 96 well plate (Nunc). A negative (-ve) control of 50µl FBS, 

50µl trypsin (Invitrogen UK) with 100µl Picogreen dilution was used. The plate was 

incubated for 5 minutes at room temperature in the dark and then transferred to a 

plate reader to measure the fluorescence at excitations of ~480nm and emissions of 

~520nm, on a spectrofluorometer. Results are given in arbitrary emission units. 

Because of the destructive nature of this assay it was performed at the end of the 

culture period in most of the investigations.  
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Fig 3.4 Picogreen Calibration Curve. Control DNA correlated to fluorescent nm 

reading from the Thermo Scientific Fluroscan. Preliminary studies correlated the 

number of cells to this data and concluded that 1ng of DNA equated c.167 

chondrocytes. (n=12, p<0.01).  
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3.2.6. CELL FUNCTION 

3.2.6.1. sGAG Assay 

A Blyscan™ sulphated Glycosaminoglycan (sGAG) assay kit was used to determine 

the quantity of sGAG present in the ECM of test samples. A reference standard was 

formulated using 1, 2, 3, 4, 5µg of sGAG dissolved in 100µl of deionised water. 

Spent medium was removed and the samples washed with PBS and drained. Papain 

extraction reagent was used to digest the samples (1ml/well) for 3hrs at 65°C. The 

digested extract was removed and centrifuged at 10,000g for 10mins. This was to 

pellet cell debris. The supernatant containing the sGAG proteins was removed and 

100µl of this assayed. 1 ml of Blyscan dye (1,9- dimethyl-methylene blue) was 

added to the samples and placed on a gentle shaker for 30mins. The samples were 

centrifuged at 12,000 rpm for 10mins to pellet the sGAG. The supernatant was 

removed and 0.5ml of dissociation reagent added followed by 10mins of agitation 

using a vortex. 200µl samples were read at ~ 656nm on the Anthos microplate 

reader (Colorimeter). Results are given in arbitrary emission units. Much like the 

previous assay, quantisation of sGAG was performed at the end of the culture 

period in most of the investigations.  

3.2.6.2. Collagen Assay 

A Sircol™ collagen assay protocol was followed to determine the quantity of ECM 

collagen in the test samples. The sircol dye reagent contains a picro-sirius red 

solution formulated for specific binding to collagen. First a reference standard was 

formulated using 10, 20, 30, 40 and 50µg of collagen dissolved in deionised water. 

The supernatant was removed. Collagen extraction from test samples was 

performed using cold acid-pepsin protocol. 1ml of pepsin dissolved on 0.5M acetic 

acid at a concentration of 0.1mg/ml was added to samples and left at 4°C overnight. 

The samples were then neutralized using 100µl of neutralizing reagent. Collagen 

isolation and extraction was performed using the assay kit reagent, and incubated 

overnight at 4°C. Samples were centrifuges at 12,000rpm for 10 minutes, to pellet 

the collagen. The supernatant was removed and the 1ml of the sircol dye was added 

and dissolved for c. 5mins. 200µl of the samples was added to a 24 well plate, and 
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read on the Anthos microplate reader at a wavelength of ~ 555nm. Results are 

given in arbitrary emmission units. Because of the destructive nature of this assay it 

too was performed at the end of the culture period in the experiments.  

3.2.7. CELL IMAGING 

3.2.7.1. ECM protein staining 

Before staining, the cells were rinsed in sterile PBS and fixed in 2.5% (w/v) 

gluteraldehyde/PBS for 30mins and rinsed again with PBS. Standard histological 

methods were used to perform Alcian Blue (Sigma-Aldrich, UK) and Neutral fast red 

(Sigma, UK) staining to localize GAG content. Picro-Sirius red (Sigma-Aldrich, UK) 

stain was used to visualize collagen distribution and orientation, and Safranin O 

(Sigma-Aldrich, UK) to highlight proteoglycan content. Fixed cells were immersed in 

the dye solutions for 1 hour. The samples were rinsed under a cold tap, and rinsed 

finally in distilled water. Imaging was performed using a Nikon TMS light microscope 

and Optem InfinityY2-1L imaging system.  

3.2.7.2. Nuclear staining 

3.2.7.2.1. DAPI DNA stain 

The blue fluorescent DAPI nucleic acid stain preferentially stains dsDNA by 

associating with AT clusters in the DNA minor groove. This produces a c. 20 fold 

enhancement in fluorescence (~460nm wavelength). The samples were washed 

with PBS to remove medium and any residual serum proteins, and subsequently 

fixed with 4% paraformaldehyde (PFA) in PBS. A permeabilization step was then 

conducted using a solution of 5% (w/v) Bovine Serum Albumin (BSA, Sigma-Aldrich), 

0.2% (v/v) Triton X (Sigma-Aldrich) in PBS for 1 hour at room temperature. The 

samples were then rinsed briefly 3 times in PBS before being stained with DAPI 

diluted x100 in PBS, for 5 minutes. The samples were washed again 3 times in PBS 

and photographed using a Nikon confocal microscope and a Nuance multispectral 

imaging camera.  
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3.2.7.2.2. Hoechst DNA stain 

Hoechst is a blue fluorescent dye that cell nuclei are permeable to. This allows the 

cell nuclei to be stained without rupturing the membranes. At the point of staining, 

if the cells are alive, the nucleus will appear rounded. If the cells are dead, the 

nucleus will appear blebbed and nodular.  

Hoescht DNA stain (Sigma-Aldrich, UK) diluted to a 1:1000 concentration with PBS. 

1ml of the solution was used for each sample. The samples were incubated for 30 

minutes in the dark on a shaker. The samples were washed twice in PBS to prevent 

over-staining. The cells were imaged using a confocal microscope and Nuance 

multispectral image.      

3.2.7.2.3. Cell Surface Receptor staining: Immunofluorescence 

Cells were characterized according to the expression of specific surface proteins. 

The expression of the following: CD44 (Lifespan Biosciences, UK), Collagen II, 

Collagen I and Aggrecan (Millipore) was characterized by immunofluorescence 

imaging using mouse host antibodies.  CD44, Collagen II and Aggrecan are proteins 

that are commonly known to mark chondrocytic cells. Though no chondrocyte 

specific marker has been establish as yet, the positive (+ve) signalling of all three of 

these markers strongly suggests a chondrocyte phenotype in the cell population in 

question. Collagen I was used a negative ( –ve) marker as Collagen I is more 

frequently associated with bone formation or a fibroblastic lineage (Pelttari, Steck, 

& Richter 2008).A secondary antibody of FITC (fluorescein isothiocyanate) 

conjugated anti mouse IgG antibody was also used along with a -ve control of anti 

mouse IgG2b-FITC conjugate. CD44 was conjugated to red fluorescent quantum 

dots (synthesized in our lab) used for labelling the cells. This method was developed 

with the Centre for Nanotechnology and Regenerative Medicine, and is due for 

publication later in the year.    

Cells were stained on gelatine coated cover slips to improve visualization under the 

microscope. The first step in this protocol was to prepare the cover slips. Cover slips 

were autoclaved to sterilize. They were then placed into the wells of 24 well plates. 
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400µl of 0.1% gelatine in deionised water (previously autoclaved) was added to the 

wells to coat the cover slips. Plate was incubated at r.t.m for 10 minutes. The 

remaining solution was removed and the plate dried in air (sterile flow hood) for 15 

minutes.  

c. 5000 cells were added in suspension to each well with the addition of 500µl of 

supplemented CCM. The cells were incubated for 1 hour to allow optimum 

adhesion. The CCM was removed and the plates washed with twice with PBS. 400µl 

of 4%(v/v)PFA (Paraformaldehyde in PBS) was added to each well to fix the cells and 

incubated for 20 minutes at r.t.m. The samples were washed twice with wash buffer 

(0.1%(w/v)BSA in PBS).  

To stain, samples were washed twice in 400µl of wash buffer. Non specific staining 

was blocked by the addition of Blocking Buffer (10%(v/v) , 0.3%(v/v) Triton  X-100 in 

PBS). The blocking buffer was then removed. The primary antibodies were diluted in 

dilution buffer (1%(w/v) BSA, 1%(v/v) FBS, 0.3%(v/v) Triton X-100 in PBS). The diluted 

antibodies were added to the samples and incubated overnight at 4°C on a gentle 

shaker. The samples were washed twice in wash buffer and the secondary antibody 

(FITC conjugated) was diluted and added to the wells. The samples were incubated 

in the dark at r.t.m. overnight on a shaker. Samples were rinsed twice before 

imaging on a Zeiss confocal microscope and C1 imaging software. 
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3.3. SCAFFOLD TECHNOLOGY 

3.3.1. POSS PCU POLYMER SYNTHESIS 

The following synthesis protocol was used to form a 2% polyhedral oligomeric 

silsesquioxane modified poly (carbonate-urea) urethane (POSS-PCU). 72 g of dry 

polycarbonate polyol (2000Mw) and 2 g of trans-CyclohexaneDiolIsobutyl-(POSS) 

were placed in a 500 ml reaction flask equipped with mechanical stirrer and 

nitrogen gas inlet. The mixture was heated to 125 °C to dissolve the POSS cage into 

the polyol and then cooled to 60 °C. 18.8 g of flake methylene diisocyanate (MDI) 

was added to the polyol blend and then reacted at 70C-80C for 90 minutes to form 

a prepolymer. Then, 156 g of dry dimethylacetamide (DMAC) was added slowly to 

the pre-polymer to form a solution and this was cooled to 40C. Chain extension of 

the pre-polymer was carried out by the addition of a mixture of 2 g of 

ethylenediamine and 0.05 g of diethylamine in 80 g of dry DMAC. After the chain 

extension completion, 4 g of 1-butanol in 80 g of DMAC was added to the polymer 

solution to form the nanocomposite. All the reagents and chemicals were 

purchased from Sigma Aldrich (Poole, UK).  

3.3.2. Scaffold Synthesis 

Casted polymer was made by pouring the solution into moulds and leaving for 

24hours in a circulating air oven at 60°C. The amount of polymer added differed 

depending on the thickness of the scaffolds to be manufactured. The material was 

then thoroughly washed, by submersion in a container filled with PBS and rolling 

over a 7 day period.  

Coagulated polymer scaffolds were also fabricated using the phase inversion 

technique, also known as coagulation. Polymer was centrifuged and degassed at 

2000rpm for 2 minutes and 1500rpm for 1.5 minutes respectively, to remove any 

bubbles and ensure the solution was homogenous in consistency. Poured sheets of 

polymer were immersed in room temperature distilled water for a period of two 

days. The DMAC solvent diffused into the water, leaving a spongy porous 

coagulated sheet.  
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For seeding, 16mm circular pieces were cut out of both the casted and coagulated 

sheets and autoclaved to sterilize them. These were then placed into a 24 well plate 

(Helena Biosciences, Sunderland, UK) ready for seeding. 

3.3.3. Mechanical Testing 

All specimens were stored in PBS prior to mechanical testing and kept moist 

throughout the duration of the tests at room temperature. Uniform samples were 

cut using a dumbbell specimen cutter and the width measured using a digital 

micrometer. Both tests were performed by applying deflections and measuring the 

corresponding forces using a standard mechanical testing instrument (Instron 5565, 

loaded with a 500N load cell and pneumatic grips) and Instron Bluehill software 

version 2.9).  

This test determines the elastic modulus of a specimen in tension (ET) using a ratio 

of tensile stress against strain as follows: 

ET = (F/A) / (Δl/lo) 

Where F is the maximum recorded force, and A is the cross sectional area of the 

specimen at the original length lo, and Δl is the change in length. The specimens 

were secured at either end in the pneumatic grips [fig3.5]. The length of all 

specimens was 10mm and changes in gauge length and maximum stress were 

measured using the Instron Bluehill software with the rate of elongation set at 

100mm/min. It is important to note however that the calculation of ET (mpa/mm) is 

an approximation of material stiffness due to 3 assumptions; 1) the specimen is 

homogenous in its structure and composition, 2) the rate of strain is essentially 

arbitrary, and 3) use of the initial rather than instantaneous cross sectional area in 

the calculations.  
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Fig 3.5 Instron mechanical testing machine. The instrument is connected to a 

computer with software for calculating the strain in the material at break and the 

force required to strain it to that point. 

3.3.4. Contact Angle 

In order to understand why cells adhere to some polymer fabrications and not to 

others it is important to look at the surface energy of the material. One key 

component of surface energy is the wettability of the material i.e. how hydrophobic 

or hydrophilic the material is. There is continuous debate about whether scaffolds 

with higher or lower surface energies are better for cell adhesion and growth. On 

balance, each cell type probably has a specific surface energy that bests suits its 

own biology. Contact Angle measurements were used to investigate the wettability 

of scaffolds used in subsequent investigations.  

 A contact angle is the angle at which a liquid or vapour contacts a solid surface. 

Each material has a specific contact angle range that characterizes its surface 
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energy. When the liquid that is applied to the surface is water, the data obtained 

can be used to determine a material’s wettability, i.e. hydrophilicity versus 

hydophobicity. Practically, if the molecules in a single drop of water are strongly 

attracted to the materials surface, the molecules will spread out completely over 

the surface. The material is then classed as being hydrophilic, and leads to a contact 

angle of 0°-30°. Conversely if the water bubble maintains its dome/spherical shape 

with minimal spreading over the material surface, then the material is considered 

hydrophobic with contact angles of greater than 90°. Extremely hydrophobic 

surfaces with very little surface energy can have water contact angles as high as 

~120° or even ~150°.  

The DSA 100, Drop Shape Analyzer (KRUSS, Germany) was used to measure the 

angle at the interface between the captive air bubble and the solid polymer surface. 

To increase the accuracy of the results, 4 bubbles (Drop type: sessile drop, captive 

bubble) were released onto each sample and 3 measurements of the contact angle 

on each bubble were calculated using Drop Shape Analysis tool. (n= 4x3 per 

sample)fig 3.6]. 

 

 

Fig 3.6 Investigating wettability using Contact Angle. Due to the porous nature of 

the scaffolds samples that were investigated, the Captive Bubble method for drop 

application was used. The method is used for samples that need to be kept 

submerged in water to maintain optimal surface conformation (i.e. to prevent 
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shrinkage of the material during testing). An air bubble is applied to the surface of 

the scaffold and the angle at which the bubble interacts with the scaffold is 

calculated.  Contact angle units are given in degrees θ. A) An image captured during 

the application of an air bubble to the surface of the substrate using a needle. B) A 

diagram depicting the angle θc that is used for calculating the contact angle when a 

water bubble is applied to a surface in air. The calculation is the same for captive 

bubble. It is the angle formed at the line of the solid liquid interface (γsl,) and the 

line of the liquid gas interface (γlg). (γsg is the line of the solid gas interface).  

3.3.5. Scanning Electron Microscopy 

Samples were fixed with 2.5% (w/v) gluteraldehyde/PBS for 24 hours. The samples 

then underwent dehydration using an ascending alcohol series, and critical-point 

drying using standard apparatus. The samples were then attached to aluminium 

stubs with double-sided sticky tabs (TAAB Laboratories Equipment Ltd., Reading, 

UK) and coated with gold using an SC500 (EMScope) sputter coater. The stubs were 

examined and photographed using a Philips 501 Scanning Electron Microscope 

(Phillips, Eindhoven, and The Netherlands). 

3.4.  STASTITICS 

Data are presented in mean ± standard deviation. Comparison between groups was 

performed using one way and two way analysis of variance (ANOVA) along with 

Tukey’s and Dunnet’s multiple comparison post test. Statistical analysis was 

performed using Graphpad Prism version 5.0 software. P values of less than 0.05 

were considered statistically significant. These statistical analyses were used 

throughout the course of the investigation. Any variations in methods have been 

highlighted in the respective chapters. 

3.5. SUMMARY 

The methods described in this chapter have been used throughout the 

experimental chapters. Where any variations on the methods were used, the 

adaptations have been described.  
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4.1. PREFACE  

Despite many years of CTE research, there are still no gold standard methods for 

producing clinically useful cartilaginous constructs. The paradigm of cells + scaffold 

+ bioactive factors in 3D culture remains a constant across all research groups 

(Danisovic et al. 2012;Danisovic, Varga, & Polak 2012;Dhinsa & Adesida 2012;Gupte 

& Ma 2012;Moreira-Teixeira et al. 2011;Perera, Jaiswal, & Khan 2012;Susarla, 

Swanson, & Gordon 2011). There is however a perplexing multitude of such cells 

and scaffold materials, that have been used to implement such principles. As 

evidenced in the previous chapter, a comprehensive literature search gives rise to a 

plethora of papers describing various techniques for cell isolation, scaffold matrix 

synthesis and seeding, ultimately for the production of cartilage tissue. Many of 

these have been developed for articular and auricular CTE specifically (Buckwalter & 

Mankin 1998a;Sterodimas et al. 2009;Tallheden et al. 2005b), with very few 

focusing on the human nose. So, in the journey to produce nasal cartilage, where 

can one begin?  

The strategy for the first investigation was to i) identify a sustainable source of cells 

for experimentation and ii) evaluate the cytocompatibility of POSS PCU. It was of 

paramount importance to establish a method for isolating mature chondrocytes 

within the facilities of the Division of Surgery, UCL Medical School. Cells are a crucial 

component of CTE and it was felt that using mature chondrocytes as oppose to 

differentiated stem cells would give a better indication of how effective the 

scaffolds and culture conditions are at producing cartilage ‘like’ matrix. Stem cell 

differentiation is still a very new speciality within tissue engineering with its own 

complexities that are ill understood. It would therefore prove an even bigger 

undertaking to prove that the cells have indeed successfully differentiated and 

producing cartilage ECM to a level that would be expected from mature 

chondrocytes.  In light of this, a new protocol for isolating chondrocytes from 

nasoseptal cartilage was developed (Oseni, Butler, & Seifalian 2012a).  
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Having developed a scientifically proven method for isolating chondrocytes, the 

next challenge in the tissue engineering triad was to find a suitable material to 

make the nasal scaffold. There are advantages and disadvantages to using either 

natural or synthetic materials many of which were discussed in chapter 2. 

Considering the complex nuances of the nasal frame, it was thought that the truest 

morphology could be maintained using existing nasal cartilage (human or xenogenic 

transplantation) via a process known as decellularisation. In this process the 

cartilage cells are stripped of all their nucleic/immunogenic material leaving intact 

ECM (Gilbert, Sellaro, & Badylak 2006). The aim is to leave as much ECM behind as 

possible, minimally disrupt the mechanical properties of the tissue whilst removing 

all antigenic components. The ‘acellular’ material can then be recellularized in vitro 

before implantation or alternatively implanted without cells. The science is based 

on the premise that ECM proteins of different tissues are largely conserved 

between the species especially the mammalian species (Bernard et al. 

1983;Exposito et al. 2002). The approach has been used with varied success for 

different organ tissue engineering pursuits, ranging from cartilage (Elder, 

Eleswarapu, & Athanasiou 2009;Stapleton et al. 2008) to bladders (Atala et al. 

2006;Atala 2006;Conklin et al. 2002;Dahl et al. 2003), skin(Chen et al. 2004), blood 

vessels (Conklin, Richter, Kreutziger, Zhong, & Chen 2002;Dahl, Koh, Prabhakar, & 

Niklason 2003), liver (Lin et al. 2004) and heart valves(Bader et al. 1998;Booth et al. 

2002;Grauss et al. 2005;Korossis et al. 2002). The method has also been used for 

decellularizing tracheas for use tracheal tissue engineering. Such constructs have 

been implanted into humans also after recellularisation with undifferentiated MSCs 

(Baiguera, Birchall, & Macchiarini 2010;Macchiarini et al. 2008) . 

Attempts to source human noses or nasal cartilage for this purpose however, 

proved futile. Gaining ethical approval for removing human noses from deceased 

organ donors proved to be a minefield of moral, religious and cultural objection 

with many people consulted being too psychological and emotionally disturbed by 

the nature of the tissue to be donated. Most other organs routinely donated 

(barring human skin) are internal; therefore the deceased’s family don’t have to 
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come to terms with any obvious disfigurement in the appearance of their loved one 

post-retrieval surgery and can as such accept the concept of organ donation with 

more ease. This, in addition to the nose not being viewed as a life or death organ, 

reduced to nothing the number of people willing to embrace the need for human 

nasal cartilage from deceased donors for research.   

Cadaveric sources of nasal tissue were also investigated however it is against the 

Human Tissue Act (2004) (subsection Anatomy) and the Anatomy Act 1832, 

regulated by the Human Tissue Authority, to use such tissue outside of dissection 

and the study of anatomy. Cadaveric bodies are also embalmed using fluids that 

contain a mixture of formaldehyde, gluteraldehyde, and phenol. This greatly affects 

the mechanical properties of such tissues rendering them unfit for purpose even if 

they could be sourced.  

 

Fig 4.0 Diagrams of the cross section of porcine (pig), human and ovine (sheep) 

noses. The diagrams show some level of conservation in the morphology in that all 

three have a central nasal septum of hyaline cartilage acting as a strut for more 

lateral ‘alar’ cartilages. Using decellularized porcine/ovine cartilage could potentially 

provide an alternative scaffold for use in human nasal CTE. (Images taken from 

http://www.google.co.uk/imgres?q=normal+sheep+nasal+cavity) 

Not being able to source significant amounts of human tissue (surgery only yielded 

very small quantities, less than 2g per operation, with varied frequency which could 

not be used for whole nose tissue engineering)  meant that the only viable option 

left was xeno-transplantation using ovine/porcine nasal cartilage (Elder, 
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Eleswarapu, & Athanasiou 2009;Stapleton, Ingram, Katta, Knight, Korossis, Fisher, & 

Ingham 2008) [fig 4.0]. Therefore exploratory experiments were conducted to 

decellularized animal nasal cartilages. The experiments were conducted crudely to 

see whether it was likely that acellular cartilage matrices would be the scaffold of 

interest for the duration of the PhD research. A decellularisation method involving 

the standard mechanical (freeze-thaw cycles), chemical (detergents) and enzymatic 

(Aprotinin, DNase, RNase and Protease enzymes) digestive phases was employed 

(Stapleton, Ingram, Katta, Knight, Korossis, Fisher, & Ingham 2008). 2 sheep and 2 

pig noses were decellularized as part of the preliminary experiment. The results 

were not encouraging [Table 4.0].  

 Weight (g)  

   Pre                    Post 

Tensile Strength (mPa) 

Pre                    Post 

Culture with 
Sheep 

nasoseptal 
chondrocytes 

Sheep 1 9.18g 1.19g 5.6 - Infected after 4 
days in culture 

Sheep 2 8.45g 2.29g 6.3 - Infected after 7 
days in culture 

Pig 1 7.56g 1.87g 4.3 - Infected after 7 

days in culture 

Pig 2 8.34g 1.36g 2.6 - Infected after 7 

days in culture 

  

Table 4.0 Results of exploratory decellularisation study. Porcine and ovine noses 

were delivered from the abattoir, washed and dissected removing overlying skin, 

muscle and perichondrium. After the 7 day decellularisation process the samples 

produced were crudely tested to see whether properties of the ECM had been 

maintained. Weight, tensile strength and biocompatibility were all used as 

preliminary assessments of material suitability. On average there was an 80% 

reduction in the weight of the nasal scaffolds. After decellularisation the cartilage 
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turned from solid tissue into a more viscous like jelly (especially in the alar regions) 

which had no recordable modulus of elasticity upon tensile strength testing. The 

cartilage did not appear to retain any mechanical strength even on qualitative 

examination. When the small amounts of the acellular material were cultured (for 

an intended 14 days) with nasoseptal chondrocytes all the samples developed an 

infection which prevented further viability/histological study.  

.The results of the exploratory study were discouraging, and after consultation with 

experienced colleagues it was felt that in order to move to a position where people 

could realistically be helped on a mass basis using tissue engineering technology, 

non-natural/synthetic materials offered greater flexibility and scope for application. 

With synthetic materials there was potential unlimited supply that could be quality 

assured both for research purposes and eventual clinical use. The options for 

sterilizing synthetic materials for sterile cell culture are also far greater and served 

as another motivating factor for pursuing synthetic materials in the rest of this PhD 

research. 

For this purpose, a novel nanocomposite material synthesised within the 

department was evaluated. In light of the topical influence of nanotechnology 

within tissue engineering research (Chapter 2), the cytocompatibility of the 

nanocomposite polymer POSS PCU (Polyhedral oligomeric silsesquioxane Poly 

carbonate urethane) was investigated compared with another synthetic material 

frequently used in CTE research, known as Poly-caprolactone. POSS PCU is a 

synthetic polymer developed in the Division of Surgery, UCL Medical School, for the 

manufacture of cardiovascular devices. It has since been applied to a number of 

tissue engineering pursuits, tracheal, peripheral nerve conduits, skin and ear 

constructs to name but a few.  POSS PCU consists of a PCU (Poly carbonate 

urethane) backbone modified with appendages of POSS (polyhedral oligomeric 

silsesquioxane) nanocages. PCU is a polymer that had been used traditionally in a 

great number of medical devices. However research shows that when modified with 

POSS its biomechanical properties are significantly improved. The final stage of 
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investigating the cytocompatibility of POSS PCU looked at the effect the POSS 

nanocages had on chondrocyte cell growth, and whether the apparently beneficial 

properties of POSS could applied to CTE also.  
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4.2. EXPERIMENTAL AIMS 

Aim 1- to develop a method for accurate and reproducible isolation of mature 

chondrocytes from nasoseptal cartilage for clinical grade large scale CTE. 

Aim 2- to investigate the ability of POSS PCU nanocomposite polymer to support 

the growth, proliferation and maturation of chondrocytes. 

Aim 3- to evaluate the effect of nanotopography on the growth and behaviour of 

chondrocyte cells.  
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4.3. AIM 1: OPTIMIZATION OF CHONDROCYTE 

ISOLATION  

4.3.1. BACKGROUND  

Until now, most attempts at CTE have been small in scale, producing mechanically 

immature tissue, prone to resorption in vivo (Cao, Vacanti, Paige, Upton, & Vacanti 

1997;Csaki, Schneider, & Shakibaei 2008b). To engineer bigger and better 

constructs, large populations of viable chondrocytic cells are needed. The current 

zeitgeist is that autologous MSCs would be an ideal renewable cell source (Csaki, 

Schneider, & Shakibaei 2008a). The application of this technology is limited  by 

difficulties in stopping the differentiation of MSCs before they turn into osteoblasts 

(thereby making bone) (Shieh, Terada, & Vacanti 2004b;Sun et al. 2010a;Sun et al. 

2010b). There is also a tendency, if successfully differentiated, for these cells to 

produce very immature and fragile neocartilage unsuitable for making 3D 

constructs (Shieh, Terada, & Vacanti 2004a). In light of these issues, many research 

groups continue to use mature adult chondrocytes isolated from harvested cartilage 

to advance the development of whole tissue engineered constructs (Dobratz et al. 

2009a;Han, Shin, Kang, & Kim 2006;Homicz, Schumacher, Sah, & Watson 2002).  

Cartilage is not the most cellular of tissues, with only 5-10% of its volume consisting 

of chondrocytes. Chondrocytes sit in fluid filled spaces known as lacunae, 

surrounded by a dense extra cellular matrix of collagens, proteoglycans and 

glycosaminoglycans [fig.2.2]. It is during the breakdown of the dense ECM that 

chondrocytes are often exposed to harsh enzymes for prolonged periods of time. 

This reduces not only the final cell number, but also the viability and proliferative 

capacity of the cells. To compensate for this, many groups have tried to increase cell 

number by passaging however, the propensity of chondrocytes to dedifferentiate 

into fibroblasts over repeated passages is major a problem (Darling & Athanasiou 

2005;Kamil et al. 2003b;Kamil et al. 2003a) . Ideally for engineering large constructs 

that are to be in culture for a long time, and to maintain consistency in tissue 
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quality, huge numbers of cells with high viability and minimal passage number 

should be used (Kamil, Woda, Bonassar, Novitsky, Vacanti, Eavey, & Vacanti 2003a).  

A recent literature study highlighted vast discrepancies in chondrocyte isolation 

practice [Table4.1]. Concentrations and types of collagenase vary widely, not to 

mention the inclusion or exclusion of predigest stages, and variations in the optimal 

length of digest. Such incongruous methodologies are no doubt responsible for 

inconsistent cell numbers, function and viability across a number of studies.  A 

number of these methods were tried during the early stages of the PhD research. 

Each method was fraught with difficulties as key details in the methodology were 

left out of publications resulting in a number of failed experiments where it was 

difficult to identify exactly where the fault lay. Several times no/unacceptably few 

cells would be isolated at the end of a protocol or if any cells were isolated at all 

they would be largely dead. Attempts to incubate for longer than 20 hours as in 

(164, 174, and 175 of Table 4.1) produced samples with florid ‘infection’ due to the 

accumulation of dead tissue within the culture system.  

 As a result this study aimed to optimize chondrocyte isolation practice according to 

stages of digest, length of digest and concentration of enzymes. The cell number 

and viability of the cells was assessed post digest as well as characterization of the 

cell yield. This was the first time the actual efficacy of even having a predigest stage 

was investigated. In addition, this study formed one of very few published 

investigations in which the effect of Coll II concentration and incubation duration on 

chondrocyte number and viability were elucidated.  
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Table 4.1 Variation in chondrocyte isolation protocol. An overview of some of the 

methods used to isolate chondrocytes for cartilage tissue engineering.  

Reference Species Enzymes Length of Digest Cell Yield/g 

(Tallheden 
et al. 
2005a) 

Human Col II: 0.2% 16 hours 4.45 ± 2.28 
x106 

(Tallheden, 
van der, 
Brantsing, 
Mansson, 
Sjogren-
Jansson, & 
Lindahl 
2005b) 

Human Col II: 0.08% Overnight - 

(Marsano 
et al. 2007) 

Human Col II: 0.15% 22 hours - 

(Jakob et 
al. 2003) 

Human Col II 
Trypsin/EDTA 
Hyaluronidase 
Tosyllysylchloromethane 

Overnight < 22% of 
available cells 

(Mehraban 
et al. 1997) 

Human Deoxyribonuclease 1: 0.015% 
Hyaluronidase: 0.1% 
Col II: 0.2% 

18-36 hours - 

(Hidvegi et 
al. 2006b) 

Rabbit Predigest with Hyaluronidase: 
0.05% 
Col II: 0.2% 
Trypsin: 0.2% 

1-2 hours - 

(Kojima et 
al. 2003) 

Human Trypsin 
Protease 
Hyaluronidase 
(varied concentrations) 

Low temperature 
method, 12 hours 

1.68 x 10
5
 per 

gram 

(Hidvegi et 
al. 2006a) 

Sheep Col II: 0.3% 5-8hours - 
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4.3.2. MATERIALS AND METHODS 

4.3.2.1. Cartilage harvest 

Normal noses from c.40 male sheep of a mean age of 15 months were harvested 

shortly after slaughter and transported in unsupplemented DMEM (Gibco, UK) at 

4°C to our laboratory. Nasoseptal cartilage was harvested and the perichondrium 

carefully dissected away. The cartilage was washed three times with sterile PBS 

(Gibco, UK) and minced into 1mm3 pieces. The minced cartilage was washed again 

and weighed out into 1g per sample for the digestion. 

Table4.2 Digest schedule. A summary of the comparisons made between different 

enzymatic digestion protocols, showing, enzymes used, their digestions times and 

concentrations. * All predigest experiment underwent an additional Collagenase II 

(0.15%) for 10 hours.  

Sample 
No. 

* Predigest Sample 
No. 

Collagenase digest 

 Enzyme Concentration Time 

(mins) 

 Enzyme Concentration Time 

(mins) 

1 Dispase 0.8u/mg 60 5 (a) 

(b) 

(c) 

Collagenase II 0.10% (w/v) 360 

600 

960 

2 Hyaluronidase 0.1% (w/v) 60 6 (a) 

(b) 

(c) 

Collagenase II 0.15% (w/v) 360 

600 

960 

3 Pronase 0.4%(w/v) 60 7 (a) 

(b) 

(c) 

Collagenase 

II 

0.20% (w/v) 360 

600 

360 

4 Control - 60  
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4.3.2.2. Evaluation of Predigest 

The samples underwent a 1 hour predigestion stage with an enzyme, either 

0.8u/mg Dispase (Sigma Aldrich), 0.1% Hyaluronidase (Sigma Aldrich), or 0.4% 

Pronase (Roche),  dissolved in HEPES  buffered DMEM (Gibco, UK) supplemented 

with 1%(v/v) PenStrep, 1%(v/v) AmphB and 10%(v/v) FBS (Gibco, UK) [Table 4.2]. All 

enzymes were filter sterilized by passage through a 0.22μm filter. A negative control 

of supplemented HEPES buffered DMEM was also used. 10ml of solution was used 

per gram of cartilage. The cartilage pieces were then incubated for one hour at 37°C 

on a shaker at c. 30-40 revolutions/min. The cartilage fragments were then washed 

twice with PBS and subjected to a 0.15%(w/v) Collagenase II (Coll II) (Sigma Aldrich). 

The Coll II was dissolved in supplemented HEPES buffered DMEM media and sterile 

filtered. 10ml of this media was used per gram of cartilage, and the cartilage was 

incubated at 37°C on a shaker without CO2. 

4.3.2.3. Optimization of collagenase digest 

Once the optimum predigest condition had been established, the collagenase II 

digestion was optimized using different concentrations of Coll II (0.1%, 0.15%, 0.2%) 

for different lengths of time (6hrs, 10hrs, 16hrs) [Table 4.2]. The digest media was 

made as stated above.   

4.3.2.4. Chondrocyte harvest and culture 

For all the digests, the triturate suspension was passed through a 100μm nylon cell 

strainer (BD Falcon), to remove matrix debris, and added to 40ml of DMEM/F-12 

supplemented with 20% FBS, 1% PenStrep and 1% AmphB. The 20% FBS helped to 

neutralized the enzyme activity and provide nutrients to the shocked cells. The 

filtrate was centrifuged at 2000 rpm for 10 minutes to pellet the cells. The 

supernatant was discarded and pelleted cells were washed in sterile PBS, and 

resuspended in supplemented DMEM/F-12 (20% FBS). Cell count and tryphan blue 

live dead staining assessment was performed using the Countess Cell Counter 

(Invitrogen) as described in Chapter 3.  Harvested cells were plated out into flasks in 

20% FBS DMEM/F-12 supplemented media undisturbed for a period of 3 days, in a 

humidified incubator at 37oC and 5% CO2. This was to allow the cells a period of 
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recovery before experimentation or cryopreservation. Cells were seeded at a 

density of 1 x 106 cells per T-75 flask.  

4.3.2.5. Characterisation of Cells 

Characterisation of harvested was performed according to protocols described in 

the Materials and Methods Chapter 3.   
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4.3.3. RESULTS 

4.3.3.1. Evaluation of predigest 

After a 1h digest period there was no significant difference in the number of cells 

produced when hyaluronidase or pronase enzyme was used c.f. the -ve control (no 

enzyme). Treatment with dispase enzyme did produce a significantly higher cell 

yield than the control (p<0.0001) (n=9) [fig 4.1a]. Subject to a continued digest for 

10h in Col II 0.15%, there was no significant difference in the cell yield between the 

control, dispase and hyaluronidase enzyme. The number of cells produced in the 

pronase group was significantly less than the –ve control (p<0.0001) (n=9) [fig4.1b]. 

There was significant reduction in the viability of the cells from all experimental 

groups c.f. the control (p<0.0001) after the completed digest. Cells subjected to 

dispase digest had the least viability of all experimental groups (p<0.0001) (n=9) 

[fig4.1c] (PTO). 
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Fig 4.1 Results of predigest evaluation. (A) Cell yield after 1 hour predigest phase 

with dispase, hyaluronidase, pronsae and –ve control of no enzyme. (B) Cell yield 

after 1 hour with an added 10 hour 15% Coll II digest. (C) The percentage viability of 

the cells harvested after complete predigest and collagenase extraction. *** 

indicates that p<0.0001.  
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4.3.3.2. Optimization of Collagenase digest  

There was a significant increase in cell yield between 0.1% and 0.15% Coll II. The 

increase seen between 0.15% and 0.2% at all three time points was not significant. 

There was a significant increase in cell yield over time (p<0.0001).The interaction 

between variables of concentration and time was also deemed statistically 

significant (p<0.001) (n=5) [fig 4.2]. The effect of concentration on cell viability was 

considered insignificant, whereas the time was a significant factor. The decrease in 

viability could be attributed to time at all three Col II concentrations (p<0.0001) 

(n=5) [fig 4.2 PTO].  
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C. CELL No : Viability 6hrs 10hrs 16hrs 

Coll II 0.1% <10,000: 94% 250,000: 78% 1,800,000: 72% 

Coll II 0.15% 18,000: 97% 420,000: 76% 3,960,000: 70% 

Coll II 0.2% 25,000: 98% 1,650,000: 76% 4,350,000: 68% 

 

Fig 4.2. Collagenase’ digest to optimize the concentration of collagenase enzyme 

that should be used to produced the greatest yield of healthy cells. (A) Number of 

cells that were isolated vs. 3 different collagenase enzyme concentrations (B) 

Percentage viability of the isolated chondrocytes according to tryphan blue live 

dead stain. (C) Numerical data to aid interpretation of the graph. Cell no is shown 

here against viability for each digest condition. The authors have highlighted the 

optimum condition.* indicates that p< 0.05 and *** indicates that p<0.0001. 
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4.3.3.3.  Cell characterization 

Immunofluoresence was performed on harvested chondrocytes to investigate their 

expression of chondrocyte markers, CD44, Collagen II, Collagen I and Aggrecan. This 

was used as a method of establishing that chondrocytic cells had indeed been 

isolated from the cartilage. It is well known that at later time points of normal cell 

culture when chondrocytes are continuously passaged in a 2D environment they 

lose their expression profile (p.44). Therefore it was important to investigate at 

early enough stages of culture, but enough time after the isolation process to have 

allowed the cells to recover (P2, after only 1 passage).  

 Chondrocytes had a strong expression of CD44 and Collagen II as expected in fig4a 

and b (PTO). There was also expression of Aggrecan and Collagen I but this was 

comparatively reduced [fig 4c and d]. Though aggrecan is a cartilage ECM protein it 

is quite often produced in later stages of chondrogenesis. The immunofluoresence 

was conducted on isolated P2 chondrocytes cultured on tissue culture plastic for 7 

days post harvest. It is possible that the passaging had disrupted the ECM and cell 

signalling enough to dampen down the signal, though the cells did still fluoresce 

positively for the aggrecan signal. 
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Fig 4.3 Immunohistochemistry of P2 chondrocytes seeded on tissue culture plastic 

in 24 well plates. (A) Quantum dot labelled Cd44. (B) FITC labelled Collagen II. (C) 

FITC labelled Collagen I. (D) FITC labelled Aggrecan.  
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Over the 4, 7 and 14 day culture period, the cells’ appearance takes on a more 

rounded morphology [fig4.4]. The cells are confluent in T-25 flasks after a 14day 

culture period, and there is an increase in the amount of staining of all three ECM 

proteins over the 14 day culture period.  

 

Fig 4.4 Histology staining of ECM proteins, collagen, proteoglycan and GAG in 

chondrocyte cultures of 4, 7, and 14 days. 
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4.3.4. DISCUSSION 

The isolation of chondrocytes from cartilage for tissue engineering research and 

therapeutics is a contentious issue. Each lab has a unique method for isolating 

chondrocytes, involving a number of different enzymes, incubation lengths and 

temperatures (Oseni et al. 2011c). For the production of a whole tissue engineered 

nasal construct, a method for sourcing viable chondrocytes in large quantities was 

needed. The sheep nose was used as the animal model, as it one of the few large 

animals to have a true nasal septum. Sourcing the tissue was also relatively 

straightforward and inexpensive. It is important to note that the ECM of the tissue 

in the sheep nasal septum is comparable with that of human nasal cartilage, as they 

are both of the hyaline subtype, with Coll II being the dominant protein (Oseni, 

Crowley, Boland, Butler, & Seifalian 2011d). Experimental data from other groups 

suggests that comparable numbers of cells can be isolated from human nasal 

cartilage also (Yonenaga, Nishizawa, Fujihara, Asawa, Sanshiro, Nagata, Takato, & 

Hoshi 2010). 

Part 1 of this chapter first describes the investigation into the necessity of a 

predigest phase in chondrocyte isolation. When considering clinical application, 

simpler, shorter methods are of paramount importance. The data suggests that the 

inclusion of a predigest step serves of no benefit to increasing the number of viable 

cells yielded during a harvest and thus is not necessary [fig4.1].  

Following this the duration of incubation and collagenase enzyme concentration 

was evaluated in light of previous published research. 10 hour digests with an 

enzyme concentration of 0.2% was found to be the most effective method of 

isolating the chondrocytes. Though, increasing the length of incubation time to 

16hours dramatically increased the cell yield with a significant reduction in the 

viability.  It is important to note that the health of the cells in tissue engineering is 

of equal importance to the number of cells that there actually are isolated. It is of 

paramount importance not to load a bioengineered construct with a large 

proportion of dead or suboptimal cells, therefore it is plausible to sacrifice cell yield 



 

- 108 - 
 

in favour of viability. Though incubating for longer periods would more than double 

the cell yield, the number of dead cells also increases dramatically. Currently the 

best way to separate dead cells from live is the culture the cells. The live cells 

adhere to tissue culture plastic and dead cells are washed off during cell 

feeding/passage. However as these are primary cells isolated from tissue they are 

particularly sensitive to changes in the culture environment (e.g. pH), which would 

definitely be caused by large numbers of dead cells in culture, which could also lead 

to infection and poor cell propagation. Large numbers of dead cells in culture can 

put the health of live cells in danger during culture. 

 Interestingly, enzyme concentration did not have as significant an effect on cell 

viability as the length of incubation time. This is likely due to a phenomenon 

observed within our labs, that if chondrocytes remain freely in suspension for 

longer than 24 hours they begin to die at very fast rate. 

  

Fig 4.5 A summary of the optimum protocol to be used for chondrocyte isolation. 
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4.3.5. CONCLUSION 

During the course of the investigation it became apparent that a fine balance 

needed to be made between the length of incubation time and the concentration of 

collagenase used. This would results in a balance between a maximal cell yield and 

maximal cell number, cell viability of these being slightly more important as there 

would be little point in seeding dead cells however numerous they are. When 

considering bioengineering for human implantation it important to minimise risk, 

they introduction of dead/damaged cellular material is one of these risks. This can 

be maximally limited by maintaining high viability (i.e. a high ratio of live to dead) 

levels post isolation without compromising cell yield. In tissue engineering circles it 

is anecdotally reported that cells should be seeded without total percentage 

viability over a minimum of 70%.   

In summary a 10 hour incubation period with 0.2% Collagenase II enzyme was 

deemed most suitable for optimal chondrocyte yield and viability for ensuing in 

vitro experiments. A yield of between 1 and 1.5 x106 cells per gram of cartilage 

could be expected.  
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4.4. AIM 2: EVALUATE THE CYTOCOMPATIBILITY OF POSS PCU  

4.4.1. BACKGROUND 

After optimizing a protocol for obtaining mature chondrocytes the next stage of 

investigation was to evaluate the potential for novel nanocomposite polymer, POSS 

PCU to support chondrocyte growth and function. In chapter 2 various different 

materials that have been used in CTE research were described. These materials 

have had success to varying degrees, each with a number of trying issues that have 

prevented their widespread application in CTE. As a result, there is still room for 

pioneering scaffold technology that is able to meet the key requirements of the 

ideal scaffold. POSS PCU is a scaffold with a number of characteristics that make it 

potentially an excellent candidate for CTE and nasal reconstructions. It was 

developed c.20 years ago specifically for use in the development of cardiovascular 

bypass grafts, but in recent years its potential for application in other tissue 

engineering pursuits has been recognized. 

POSS PCU contains chemically bound POSS nanocages. POSS is a nanostructured 

hybrid intermediate between SiO2 and R2SiO making RSiO2, an inorganic side-chain 

[Fig 4.7a]. It is approximately 1.5nm in diameter and extremely hydrophobic. Both 

of these factors allow POSS to positively enhance the properties of conventional 

PCU. Depending on the method by which it is  fabricated, POSS PCU has been 

shown to be stronger, more elastic, more thermodynamically stable and more 

biocompatible (Ghanbari, Cousins, & Seifalian 2011a;Ghanbari, Cousins, & Seifalian 

2011b;Punshon et al. 2005b;Punshon et al. 2005c;Raghunath, Zhang, Edirisinghe, 

Darbyshire, Butler, & Seifalian 2009b).  

POSS-PCU has been fabricated to form a lachrymal duct which was successfully used 

treat a patient in Switzerland, October 2010 (unpublished clinical data) [fig 4.8 d] 

(Jungebluth et al. 2011b). It has also been fabricated to produce the world’s first 

synthetic windpipe that was implanted into human in June 2011 [fig 4.8e] (Gupta et 

al. 2009a). The construct was seeded with a population of autologous MSCs and 

used to successfully reconstruct the damaged airway of a 32 year old gentleman, 
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who had his windpipe removed as a result of an invading cancer. Published data 

shows that the polymer supports the growth of cardiovascular system cells such as 

endothelial and epithelial cells (Punshon et al. 2005a;Punshon, Vara, Sales, Kidane, 

Salacinski, & Seifalian 2005c).  

However, the growth of mature chondrocytes on POSS-PCU for cartilage tissue 

engineering purposes has not been previously investigated. Using nanocomposite 

materials for tissue engineering purposes and evaluating their efficacy is a relatively 

new area of regenerative medicine, and until this research, chondrocytes had never 

been grown on POSS PCU. The data collated in this section of research provided the 

impetus for a lot of research studies to be developed on POSS PCU and its use as a 

multipurpose material for engineering biological constructs.  

Part 2 of this investigation aimed to look at the cytocompatibility of POSS PCU with 

mature nasoseptal chondrocytes. Because POSS PCU has not been used in CTE 

before, its results were compared with growth on another polymer PCL (Chapter 2). 

PCL is biodegradable polyester, with FDA approval for use as a biomedical implant, 

studies have demonstrated its cytocompatibility and particular usefulness in 

culturing chondrocytes (chapter 2). 
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Fig 4.6 Clinical Applications of POSS PCU. (A) A schematic diagram of the POSS 

nanocage. (B) The chemical structure of POSS PCU with the poly-carbonate back 

bone and POSS appendages. (C) POSS PCU polymer fabricated as a coronary artery 

bypass graft implanted in the sheep animal model. POSS PCU has undergone 3 years 

of pre clinical trials as a coronary artery bypass graft. (D) A photograph of the first 

human implantation of the POSS PCU lachrymal duct system which has been 

successfully in situ for 1 year. (E) Photograph of the POSS PCU tracheal replacement 

which has used in the compassionate case of a gentleman with carcinoma of the 

trachea at the Karolinska Institute, Sweden.  

 

  

A 
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4.4.2. MATERIALS AND METHODS 

The methods for assays used in this investigation have been described in detail in 

Chapter 3. They are as follows:  

1. Chondrocyte Isolation  

2. Scaffold Seeding  

3. Alamar Blue®  

4. Cytotoxicity 96™ Assay  

5. Picogreen™ Assay  

6. Collagen and GAG quantisation Assays  

7. POSS PCU Polymer synthesis  

8. Scaffold manufacture 

9. SEM  

10. DAPI® staining 

 

4.4.2.1. Poly-caprolactone synthesis 

PCL was made via a polymerization reaction using ε-caprolactone monomers and a 

catalyst  of stannous octoate. 20g of ε-caprolactone monomer (Sigma Aldrich) was 

added to 0.02g of Stanosoate + 1,4 Butane diol (0.22g). The mixture was left 

overnight in a 160°C oven. This produced a solid white crystalline material that 

when heated to 130°C was softened enough to pour into glass dishes for 

coagulation. Scaffold manufacture was performed using the same process as that 

described chapter 3. 

4.4.2.2. Preliminary Study: Optimised Seeding Density 

During the course of this investigation, cells were to be grown in wells with an area 

of 2cm3. A preliminary experiment was performed to determine the optimum 

number of cells to seed in the well plates for a 2D culture. Cells were seeded at 

different densities into tissue culture plastic (TCP) wells. P0 chondrocytes were 

cultured for up to 10 days at the following densities; 1x103, 5x103, 1x104, 5x104, 
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1x105, 5x105 and 1x106.  AlamarBlue® and Cytotoxicity 96™ assays were conducted 

according to standard protocols described in Chapter 3. 

 

Fig 4.7 Viability results of seeding density study. Chondrocytes were cultured for 

10 days, with assays performed at day 3, 7 and 10. Two ANOVA and post-test 

comparisons were conducted to analyse the data. Data are given as mean ± SD. 

The optimum seeding density for maintaining good chondrocyte viability during 

culture in a 24 well plate over a 10 day incubation period was 1x104 (p<0.001) . The 

cells in this well had a continuous increase in viability over the 10 day incubation 

period without a decline in the viability, evidencing potential for continued growth 

over an extended culture period. Seeding at 5x105 had the highest peak viability at 

day 7, but suffered a sharp decline in viability up until day 10 (p<0.001). There was 

no significant difference in the results of the cytotoxicity assay. As a result cells 

were seeded onto the scaffold at a density of 1x104 per well or 5000 cells/cm3. 

  



 

- 115 - 
 

4.4.3. RESULTS 

4.4.3.1. Cytocompatibility 

In order to investigate the potential of POSS PCU for cartilage tissue engineering, its 

chondrogenic cytocompatibility was compared with synthetic polymer Poly-ε-

caprolactone (PCL). PCL is a biodegradable polymer. Hydrolysis of its ester linkages 

in physiological conditions causes it to biodegrade. It has a slower degradation 

profile than polymers like PLA, making it more suitable for in vitro experimentation 

and storage in addition to it being approved by the FDA as a drug delivery vehicle, 

suture material and tissue adhesion barrier. The attachment, proliferation and 

matrix production of chondrocytes on PCL has been extensively described in the 

literature, PCL therefore served as the positive control in this investigation and PCU 

as a negative control for the POSS modification.  

The viability of chondrocytes on POSS PCU was evaluated using Alamar Blue™ cell 

viability assay and measure of cytotoxicity. This was c.f. chondrocytes grown on PCL 

and PCU (no POSS control). During the incubation period there was an increase in 

the viability of chondrocytes grown on all three polymers until day 10, after which 

there was a sharp decline. This could be attributed to contact inhibition followed by 

cell death as the scaffolds the cells were being cultured on were 2D (not sufficiently 

porous enough to allow more surface area and longer culture) (p<0.001) [fig4.8A]. 

Notably however chondrocytes grown on POSS PCU scaffolds had a consistently 

higher viability than PCL on day 4 (p<0.05), day 10 (p<0.001) and day 14 (p<0.01). 

The difference was particularly significant at day 10 where there was a 41.73% 

difference in viability between POSS PCU and PCL (P<0.001). This was also the same 

for POSS PCU versus PCU.  

Lactate Dehydrogenase was used to measure the initial effect of the scaffolds on 

the viability of seeded chondrocyte [fig4.8B]. There was no significant difference in 

the levels of lactate dehydrogenase produced at both 24 and 96hours.  Levels of 

initial cell death were therefore similar on all scaffolds, and the POSS modification 
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does not significantly increase cell death (p<0.0001). This correlated with the 

viability data.  

 

Fig 4.8 Cytocompatibility. Graphical data demonstrating the cytocompatibility of 

POSS PCU compared with PCU and PCL. PCU served as the negative control for 

POSS, and PCL is an established scaffold material used frequently in CTE research.  

Cells were seeded onto the scaffolds at a density of 1 x 104/disc or 5000 cells/cm3. 

The cells were incubated on scaffolds for a period of 14 days. Alamar Blue cell 

viability assays were performed at day 1, 4, 7, 10 and 14 of the incubation period. 

The data are shown on graph A. Initial cytotoxic response was measured after the 



 

- 117 - 
 

first 24hours of incubation and 96 hours. The data for this assay are shown on graph 

B. Data represents the mean ± SD (n=6). 

4.4.3.2. Cell growth 

To understand whether the increase in viability was due to metabolic activity or an 

upsurge in proliferation rate, DNA quantisation studies were conducted [fig4.9]. 

From Day 7 to 14, there was a significant increase in the number of cells in all three 

sample groups (p<0.001). The data peaked at day 10 however, where there were a 

greater number of cells in all sample groups (p<0.001). This correlates with the 

Alamar blue data where there was a concurrent trend in cell viability. POSS PCU had 

larger amounts of DNA than PCL on day 7, 10 and day 14, though this difference was 

not significant (P>0.05). This data shows that POSS PCU is a cytocompatible 

polymer. The POSS modification significantly improved the ability of PCU to support 

cell growth and to a degree proliferation. The POSS PCU results are positively 

comparable to PCL. 

 

Fig 4.9 Cell Proliferation/Total DNA. The increase in cell number till day 10 and the 

decline thereafter are statistically significant (p<0.001). The overall effect of scaffold 

type on the results was considered significant according to Bonferroni’s Post Test 

comparison (p<0.05). (n=6) 
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4.4.3.3. Cell function 

The production of ECM proteins Collagen and GAG was used as a measure of cell 

function as chondrocytes are responsible for the secretion of these proteins during 

chondrogenesis. The data shows that chondrocytes grown on POSS PCU polymer 

produce the largest amount of collagen in their surrounding ECM (p>0.05) [fig4.10]. 

Collagen is a protein that is found abundantly within the ECM, and though this test 

does not differentiate which types of collagen where produce, it does suggest 

culture with the POSS modification could enhance chondrocyte ability to produce 

collagen. Similarly for GAG production, where there was no statistically significant 

difference between POSS PCU, PCU and PCL (p>0.05). This could be due to the later 

secretion of GAG into the ECM during normal chondrogenesis. Therefore the 14 day 

incubation period may not be long enough to thoroughly ascertain the effect of the 

POSS modification on GAG or collagen production.    
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Fig 4.10 ECM protein production. There was no significant difference in collagen 

and GAG production for each scaffold on the last day of a 14 day culture period. 

(p>0.05). Data represents the mean ± SD (n=6). 
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4.4.3.4. Cell adherence 

Scanning electron microscopy and DAPI nucleic acid staining were performed on 

scaffolds seeded with chondrocytes [fig4A-C]. On visual evaluation there was no 

significant difference in cell coverage of the polymer and fluorescence detected 

between POSS PCU, PCL and PCU.  

 

Fig 4.11 Cell adherence. (A+B) Scanning electron micrographs of chondrocytes 

adhered to POSS PCU polymer after 7 and 14 days in culture. Red line demarcates 

areas of matrix adhesion. (C) DAPI staining of chondrocyte nuclei on the surface of 

the polymer after 7 days of incubation. Chondrocytes are arranged in clusters over 

the polymer surface.  
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4.4.4. DISCUSSION 

The application of nanoparticles, and nanostructured molecules in cartilage tissue 

engineering research could be the future of developing smart scaffolds capable of 

closely mimicking the ECM of cartilage (Yang et al. 2010a). Chondrocytes interact 

with their ECM on the nanoscale order of size using proteins such as integrins 

(Raghunath et al. 2009a) . Current synthetic scaffold alternatives are plenty, but 

very few seem to allow the progress of cartilage tissue engineering beyond in 

vitro/in vivo research and development. There is still a need for a scaffold that can 

perform in widespread clinical use, demonstrating excellent bio- and 

cytocompatibility. 

On an in vitro level, studies have demonstrated the ability of POSS PCU to support 

the growth of a number of cell types and suppress the action of various 

inflammatory cells, both useful characteristics in cartilage tissue engineering 

endeavours (Gupta et al. 2009b;Lavenus et al. 2011b;Punshon, Vara, Sales, Kidane, 

Salacinski, & Seifalian 2005c;Yang, Huang, Shen, & Yeh 2010a;Yang et al. 2010b). 

This investigation now evidences the potential of this polymer for use in cartilage 

tissue engineering and its ability to support the growth of chondrocytes in vitro.  

This study evidenced the superior chondrogenic potential of this polymer in 

comparison with a non POSS control of PCU and the already well investigated 

polymer PCL. Superior cell viability and ECM protein production on the POSS 

modified polymer demonstrates the importance of considering the nanoscale 

interaction of the cells with the scaffold matrix (Lavenus et al. 2011a). The POSS 

molecule provides another dimension of architecture within the matrix on the 

nanoscale order of size similar to the size of proteins that would be found within 

the ECM of cartilage (Ghanbari, Cousins, & Seifalian 2011a). This allows cell to 

interact with the scaffold much like they would their native ECM (Lavenus, Berreur, 

Trichet, Louarn, Louarn, & Layrolle 2011a). What was particularly notable was the 

enhanced growth of chondrocytes on POSS PCU compared with PCL (Krishna & 

Jayabalan 2009a;Krishna & Jayabalan 2009b;Lieberman, Daluiski, & Einhorn 
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2002;Shalumon et al. 2011). PCL has been used in a variety of in vitro studies for 

cartilage tissue engineering, and though it has good cytocompatibility, a potential 

disadvantage is its biodegradability. Debate still ensues about whether it is clinically 

the best solution to have a scaffold that biodegrades. A balance needs to be 

maintained between rate of degradation and rate of tissue formation. If the process 

is not in balance, immature neo-cartilage could be left at the defect site, which may 

not be able to withstand the forces and pressure encountered in the human body. 

These could lead to failed reconstructions and serious complications. Though these 

studies are by no means conclusive on the chondrogenic potential of POSS PCU, 

they do suggest that POSS PCU could provide an excellent alternative to scaffolds 

such as PCL for CTE.  

4.4.5. CONCLUSION 

POSS PCU is next generation polymer because it makes use of the novel and exciting 

research into nanotechnology and has vast potential for application in regenerative 

medicine. It contains POSS nanostructured molecules which enhance its biological 

and physical properties. The authors investigated the potential for this polymer in 

cartilage tissue regeneration. The study shows that POSS PCU has excellent 

chondrocytic cytocompatibility, and is overall comparable in terms of 

cytocompatibility c.f. PCL, if not marginally better. 
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4.5. AIM 3: AN EVALUATION OF THE CHONDROCYTE 

RESPONSE TO NANOTOPOGRAPHY 

4.5.1. BACKGROUND 

Tissue engineering aims to recapitulate processes of human development in vitro, 

using cells and scaffold matrices. It focuses on the cellular level of development, 

looking at ways to successfully promote the interactions and biological processes 

that have been observed during embryological development. There is a plethora of 

research that supports the theory that cellular behaviour and complex cellular 

interactions are largely governed by well documented signalling cascades (Oseni et 

al. 2011b;Reddi 2003a;Vinatier et al. 2009). In cartilage tissue formation, growth 

factor signalling molecules such as Bone Morphogenetic Protein (BMPs) and 

Transforming Growth Factor β (TGFβ), play a crucial role in the activation of 

intracellular signalling cascades and thereby affect gene expression and protein 

synthesis (Cole 2011;Oseni et al. 2011e). In contrast however, there has been a 

growing emphasis on the importance of the physical and topographical features of 

the ECM in governing cell behaviour. The ability of chondrocyte cells to secrete the 

cartilage specific ECM is influenced by complex nanoscale physiochemical 

interactions (Shekaran & Garcia 2010). The receptors and proteins that allow the 

successful adhesion, migration and growth of the chondrocytes are on the 

nanoscale order of size (Curtis et al. 2004a;Dalby et al. 2004a;Dalby et al. 

2004b;Webster & Ahn 2007c;Webster & Ahn 2007a). Therefore, tissue engineering 

research has aimed to create 3D scaffolds that resemble the nanoscale environment 

of the ECM (Czyz & Wobus 2001;Dai et al. 2010b;Dai et al. 2010a;Dalby et al. 

2007b;Kay et al. 2002a). In this way, in vitro cell-cell and cell-matrix interactions can 

more closely simulate that which occurs in nature, thereby producing better quality 

neo-tissues.  

In light of the positive results described in chapter, the next stage of investigation 

was to look at what effect the POSS modification actual has on chondrocyte growth 

and whether increasing the amount of POSS has a positive influence on cell growth. 
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The POSS PCU used to till this point contained 2% POSS chemical bound to the PCU 

back bone. The maximum concentration of experimental POSS used was 8%. 

Though the author would have liked to explore a largely range, 8% is the maximum 

amount of POSS that has been successfully incorporated into the POSS PCU 

formula. At higher concentration a heavily thixotropic polymer is maid which is 

unsuitable for coagulation. A number of experiments were conducted on POSS PCU 

with varied percentages of POSS. Chondrocytes were grown on these scaffolds and 

evaluated in terms of growth and proliferation. Specific scaffold characteristics were 

also investigated.  

4.5.2. MATERIALS AND METHODS 

A number of the methods used in the following investigation have been described 

in detail in Chapter 3: Materials and Methods. Otherwise, methods specific to this 

investigation have been described: 

1. POSS PCU synthesis  

2. Scaffold manufacture 

3. Contact angle 

4. Cell seeding 

5.  AlamarBlue® 

6.  Picogreen™ 

4.5.2.1. SEM and Porosimetry 

The images were analysed using Image J analysis software Version 1.34N (National 

Institute of Health, USA) and Adobe Photoshop Version 7.0 (Adobe Systems 

Incorporated, USA). Calculations of average pore size were made, 6 pores were 

measured in 3 100 x 100µm squares on the SEM image.  4 images were analysed per 

sample group n= 6 x 3 x4.  
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4.5.3. RESULTS 

4.5.3.1. Cell viability 

A longer 18 culture period showed significant trends in viability and what could be 

termed the ‘POSS effect’ *fig4.11]. Chondrocytes grown on all samples, (PCU, 2, 4, 6 

and 8%) all had an increase in viability until day 10, as was seen in previous studies 

(p<0.001). After which there was a divergence, where cells on lower percentage 

POSS scaffolds, PCU, 2, and 4 had a fall in viability until day 18.  Higher percentage 

POSS samples 6 and 8% however, had a continued increase in viability until day 14, 

after which 6% began to decline, and cells on 8% scaffolds plateau. This data 

suggests that the high percentage POSS allowed for longer periods of growth up 

until 14 and 18 days (p<0.001). As well as significantly increasing the amount of 

growth observed, cells grown on all POSS samples had a significantly greater overall 

viability compared with PCU [Fig 4.11, PTO].  
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Fig 4.11 Cytocompatibility with POSS PCU scaffolds with different amounts of 

POSS nanoparticle. POSS PCU scaffolds with varying percentages of POSS molecule 

added (2%, 4%, 6% and 8%). Chondrocytes were cultured on the scaffolds and PCU 

served as a negative control for POSS. Data represents the mean ± SD (n=6). Cell 

viability studies conducted over an 18 day incubation period.  All the data were 

statistically significant (p<0.05) 
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4.5.3.2. Cell proliferation 

Again total DNA assays were conducted to decipher whether the increase in viability 

was due to metabolic activity or increased proliferation rate [fig 4.12]. Picogreen 

fluorescence data demonstrated that there was a significant decrease in the 

number of cells PCU, 2% and 4% POSS PCU samples from day 7 to day 18 

(p<0.0001).  The number of cells peaked in PCU, 2% and 4% POSS PCU samples at 

day 10 as seen in the previous experiment [fig 4.12]. 6% and 8% POSS PCU peaked 

at day 18 (p<0.01). This correlates with the cell viability data for the 18 day culture 

where there was a peak in viability at day 10 and 14  for PCU, 2% and 4% POSS PCU. 

Whereas 6% and 8% POSS PCU continued to increase till day 18. After which, by day 

18 there was a significant drop in the viability of cells.  For 6% and 8% POSS PCU 

there were significantly more cells at day 18 c.f. with day7 (p<0.05). All samples had 

significantly more cells than PCU on day 7, 10 and Day 18 (p<0.001). 

 

Fig 4.12 Cell proliferation in response to the increased amount of POSS. There is a 

significant difference in the number of cells at all time points when 2% POSS PCU is 

c.f. with 6% and 8% POSS PCU (p<0.001). There is no significant difference between 

2% and 4% POSS PCU, nor 6% and 8% POSS PCU (p>0.05). . Data represents the 

mean ± SD (n=6). 
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4.5.3.3. Scaffold Characterisation 

Scaffold characterisation assay were conducted to investigate the effect of the POSS 

on scaffold matrices that could account for the changes in chondrocyte viability, 

proliferation and ECM protein production. 

4.5.3.3.1. Porosimetry 

Scanning electron microscopy was used to image the surface of the scaffold 

matrices. Image J analysis software was then used to calculate the average size of 

the pores present on the surface of the scaffold [fig 4.13A-E]. The data showed that 

the more POSS that was added to the scaffolds, the larger the pores that were 

produced on the scaffold surface (p<0.001) [fig 4.13F]. The difference between 4% 

and 6 % POSS was not significant however. There was a statistically significant 

difference in the average pore size of 8% POSS PCU compared with all other 

samples including the PCU control (p<0.001) . 8% POSS produced the largest pore 

size, showing that greater POSS increased the porosity of the scaffolds.  POSS 

molecules are very hydrophobic nanostructures, and repel themselves in water. It is 

possible that during the fabrication process of coagulation, when the polymer is 

submerged in water, the POSS molecules are repelled by the water, and result in 

the production of larger pores [fig 4.13F].  Research has shown porosity to be a 

crucial characteristic in developing suitable scaffolds for cartilage tissue 

engineering. Perhaps it’s the increase in surface porosity of these scaffolds that 

resulted in a positive increase in chondrocyte viability.  
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Fig 4.13 Porosimetry. (A-E) Scanning electron micrographs of polymer scaffolds. (F) 

Graph of Porosimetry data showing the average pore size in each scaffold. The 

pores on 6% and 8% POSS PCU were significantly larger than those on 2% POSS PCU 

(P<0.0001).There was no significant difference between the pore size of 2% POSS 

PCU and PCU (p>0.05). The differences between 4% POSS PCU and PCU and 2% 

POSS PCU were similarly significant (p<0.01) Data is presented as the mean  SD 

(n=4). 

4.5.3.3.2. Contact Angle 

Using a technique known as captive bubble contact angle hysteresis, the 

hydrophilicity/ hydrophobicity for the scaffold was calculated. Research has shown 

that hydrophilic scaffolds with contact angles of approximately 50-60θ are the most 

cytocompatible and encourage the best cell growth for most cell types. An air 

bubble was placed on the surface of the polymer in a water chamber [fig 4.14]. The 

angle the bubble makes upon contact with the polymer is calculated. Values greater 

than 90 degrees are considered hydrophobic, and values less than 90 are 

considered hydrophilic. PTFE was used as a control as it is widely known to be 

strongly hydrophobic. The captive bubble method supported this theory with values 

over 100θ.  
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Fig 4.14 Contact angle hysteresis. (A-F) Images of the air bubbles formed on the 

surface of each polymer. Images correspond to the labelled bars on the graph 

below. (G) Graph of the various contact angles calculated for air bubbles formed on 

each scaffold. Data represents the mean ± SD (n=12).All the data were statistically 

significant (p<0.05). 

Published data shows that the POSS PCU polymer in its casted (oven heated flat non 

porous sheets) are extremely hydrophobic. The captive bubble technique also 

supported this finding. However, the coagulated spongy fabrication of the POSS 

PCU polymer produced results which were on the hydrophilic end of the spectrum. 

Until this research was conducted, there was little data on the contact angle of 

coagulated POSS PCU. Initially the expectation has been that these sponges would 

be equally as hydrophobic as the casted non spongy sheets of POSS PCU, with an 

increase in hydophobicity as more POSS was added. This was not the case as the 

data shows. The scaffolds increased in hydrophilicity with an increase in the amount 

of POSS [fig 4.14]. This change was statistically significant, especially between 2% 

and 8% POSS scaffolds (p<0.01).  
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It is important to note that it is unlikely that a mere alteration fabrication method 

would have resulted in such dramatic changes to the hydrophobic properties of the 

POSS PCU polymer. It is likely that the porous nature of the foam matrices results in 

more water being absorbed despite the hydrophobic POSS groups. And it is likely 

that the larger pores formed with greater amounts of POSS increasing the amount 

of water absorbed into the scaffold, thereby creating the enhanced ‘artificial 

hydrophilicity’.  

4.5.4. DISCUSSION 

The application of nanoparticles, and nanostructured molecules in cartilage tissue 

engineering research could be the future of developing smart scaffolds capable of 

closely mimicking the ECM of cartilage (Connelly et al. 2011;Yang, Huang, Shen, & 

Yeh 2010a). Chondrocytes interact with their ECM on the nanoscale order of size 

using proteins such as integrins (Lavenus et al. 2011c) . Current scaffold alternatives 

are plenty, but none seems to allow the progress of cartilage tissue engineering 

beyond in vitro research and development. There is still a need for a scaffold that 

can perform in vitro and in vivo, demonstrating excellent bio- and cytocompatibility. 

Increasing the POSS modification appeared to not only increase the viability of the 

cells during standard 14 day incubation periods, but also lengthen the optimal 

incubation time to 18 days (in the case of 6 and 8% POSS samples). The POSS 

modification significantly improved viability of the chondrocytes, and with its 

established biocompatibility, mechanical properties and anti-inflammatory 

properties, POSS PCU could make an excellent scaffold for cartilage tissue 

regeneration.  

The contact angle data also evidenced the effect of POSS on the micro architecture 

of the POSS PCU scaffolds. The data showed clearly that as more POSS was added 

there was an increase in the hydrophilicity of the scaffold suggesting greater water 

logging capacity in the 8% POSS PCU scaffolds c.f. 2% POSS PCU scaffolds. This 

suggests that though POSS PCU is a hydrophobic material fundamentally, this 

characteristic can be overcome by the coagulation process when it is manufactured 
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as foam. Increasing the amount of POSS also enhances this phenomenon. It is likely 

that in the coagulated state, hydrophobic interaction between POSS groups causes 

repulsion resulting in slightly larger pore formation. More POSS results in more 

repulsion and thus larger pores.   

This study would need to be extended into 3D tissue culture and then into in vivo 

models, but the initial cytocompatibility data is promising. Additionally, the method 

of adding POSS nanocages to polymer structures appears to be a useful method for 

generating finely porous structures..  

4.5.5. CONCLUSION 

The data demonstrates the potential for POSS nanocages to improve in vitro 

chondrocyte culture. Increasing the concentration of POSS improved the growth of 

chondrocytes. This may be to the increased number of ligand binding sites that the 

POSS nanoparticles present, or by increasing the porosity of the scaffold improving 

mass transport and nutrient exchange. The true explanation remains ill understood; 

however it is clear that POSS is useful for cell growth. Despite these results, the rest 

of the investigation continues to optimize POSS PCU with 2% POSS concentration. 

This is because this fabrication has been extensively studied in our lab and GMP 

monitored labs in addition to being trialled in vivo over many years. The nano-

toxicological effects of 2 % POSS have been investigated thoroughly in pre-clinical 

trials and the long-term degradation of POSS PCU also established. This is not 

known for materials more than 2% POSS incorporated as it was produced purely 

experimentally to evidence the ability of POSS modified scaffolds to support cell 

growth. The degradation profile and chemical characteristics of 4, 6 and 8% POSS 

PCU lay outside the remits of this PhD and would no doubt require another 2 PhD 

terms to investigate thoroughly.  
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5.1. PREFACE 

 The overarching aim of the investigations in this thesis was to produce a 3D tissue 

engineered structure with obvious human nasal morphology that could be used in 

total nasal reconstruction. The third dimension is not limited only to the gross 

construct morphology, but also extends to the biological micro environment in 

which the cells will grow. Chondrocytes are 3D organisms that interact with all 

aspects of their immediate environment. As seen in human cartilage, chondrocytes 

live in fluid filled spaces known as lacunae, surrounded by a dense ECM of various 

different proteins [Fig 2.2]. It is essential therefore that scaffolds fabricated go some 

way to recapitulating the 3D matrix that chondrocytes conventionally inhabit.  

Research studies have evidenced the biological importance of the 3D 

microenvironment for chondrocyte culture. When chondrocytes are grown in a 2D 

environment they are prone to dedifferentiation into a fibroblastic lineage reducing 

the quality of the ECM proteins that are produced (Darling & Athanasiou 2005). The 

importance of the cartilage ECM lies in its ability to inform the phenotypic state of 

the cells thereby maintaining their chondrocytic identity. Similarly ’manmade’ 

scaffolds need to influence chondrocyte expression and encourage cartilage specific 

cell behaviour.  

In the last chapter the importance of surface chemistry and topography for 

proliferation and attachment was investigated. Comparisons were made between 

POSS modified and traditional polymers. The data suggested that surface level 

nano-modifications could enhance the growth of chondrocytes. In this chapter, the 

aim was to optimize another scaffold characteristic, namely porosity, as part of the 

overall objective to manufacture a 3D construct. The porosity of a scaffold refers to 

3D spaces within its structure. These spaces or pores are to be the micro-

environments that the cells will inhabit. Research has shown that porous 3D 

structures aid attachment, proliferation and ECM production of chondrocytes(Oh et 

al. 2011b;Woodfield et al. 2002). Pore interconnectivity and permeability promotes 

mass transport i.e. nutrient and waste exchange (Woodfield, Bezemer, Pieper, van 
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Blitterswijk, & Riesle 2002). It is the production of such porous scaffolds that forms 

the focus of the next chapter.  

Part 1 of investigation looks at the processes used to enhance the micro-fabrication 

of porous nanocomposite scaffolds. Though POSS PCU has been investigated 

extensively over the last decade, the manufacture of porous scaffolds has not as yet 

been optimized and especially not in relation to CTE. Scaffolds of varying porosities 

and pore sizes were manufactured using a protocol that was developed during the 

course of the investigation. The scaffolds were tested with respect to a number of 

mechanical and biological properties.  

In addition to scaffold development, methods for culturing the constructs were 

evolving in tandem. There is a large amount of literature to suggest that 3D culture 

could be enhanced by mechanical forces. Shear stress and dynamic fluid flow are 

among the most heavily investigated factors for aiding chondrogenesis  (Angele et 

al. 2004;Tarng et al. 2010;ves da Silva et al. 2010). It is thought that perfusing 

constructs with continuous flow during the culture time will improve mass transport 

in turn improving chondrocyte growth. Many groups have cultured in different 

chambers to create flow/perfusion through the construct during culture, and have 

produced a multitude of conflicting results as to the efficacy of such methods 

(Abousleiman & Sikavitsas 2006;Castilho, Anspach, & Deckwer 2002;Chen & Hu 

2006;Freed & Vunjak-Novakovic 2002). In order to test this concept, the effect of 

dynamic and static culture on the growth of chondrocytes on POSS PCU was also 

investigated in Part 2 of the investigation into 3D CTE.  

5.2. EXPERIMENTAL AIMS 

AIM 1- Micro-fabrication of porous nanofibrous scaffolds to optimized the growth 

of mature chondrocytes 

AIM 2- Dynamic vs. Static culture; evaluate the need to introduce flow into culture 

systems to improve mass transport and cell growth 



 

- 136 - 
 

5.3. AIM 1: MICRO FABRICATION OF POROUS 

NANOCOMPOSITE SCAFFOLDS 

5.3.1. BACKGROUND  

Studies have demonstrated the need for a high degree of porosity within scaffold 

matrices to provide adequate space for cell integration and growth. Good porosity 

also allows for the proper exchange of nutrients and waste between the scaffolds 

and surrounding environment. Scaffolds with poor porosity can result in the 

formation immature monolayers of cells, rather than a well dispersed mature 3D 

ECM (Melchels et al. 2011a). Additionally, other experiments have shown that the 

architecture of each pore, largely with respect to size, can influence cell distribution 

within the scaffold. There is a correlation between higher cell densities and larger 

pore sizes (El Ayoubi et al. 2011d;Melchels et al. 2011b). In a another study, results 

showed that cell attachment and viability were significantly improved when cells 

were grown in 3D porous poly-L-lactic acid (PLLA) scaffolds fabricated using salt 

porogens (El Ayoubi et al. 2011c).  Other studies have shown that if not properly 

optimized, the pore size and percentage porosity can adversely affect the outcome 

of CTE efforts. Chondrocytes grown in 80%/20% Poly (L-DL-lactide) scaffolds 

secreted significant amounts of ECM, however there was significant leaching of the 

these proteins into the culture medium, and a reduction in chondrocyte specific 

mRNA production signalling a degree of phenotypic dedifferentiation (Grad et al. 

2003).  

In light of these findings, this study aimed to explore the best porosity for growing 

mature chondrocytes on POSS PCU scaffolds. The fabrication method for making 

POSS PCU foam scaffolds is coagulation. Coagulated POSS PCU is naturally porous 

however the pores are very irregular and vary in size greatly. By incorporating 

porogens into the mixture, scaffolds with an intended porosity were produced.  

Scaffolds of 3 different percentage porosities were fabricated using porogens of 3 

different sizes. The resultant matrix architectures were investigated in addition to 

their effect on chondrocyte growth.   
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5.3.2. MATERIALS AND METHODS 

A number of the methods used in the following investigation have been described 

in detail in Chapter 3: Materials and Methods. Methods specific to this investigation 

have been described. Initially, primary assays were performed on all 9 scaffold 

fabrications. After these tests were performed, further assays were performed on 

the 3 scaffolds with the highest initial cytocompatibility results. The secondary 

assays performed were permeability, ECM protein quantisation as well as 

cell/scaffold imaging. 

Described elsewhere:  

1. POSS PCU synthesis  

2. Contact angle  

3. Scaffolds seeding  

4. AlamarBlue™ cell viability  

5. Picogreen® DNA assay  

6. sGAG assay  

7. Collagen  

 

5.3.2.1. Porous Scaffold Preparation 

Phase inversion and particulate leaching were the methods used to produce the 

porous POSS PCU scaffolds. Different masses of porogens and polymer [Table 5.1] 

were centrifuged and degassed for 3 minutes at 200rpm, and 2 minutes at 1500rpm 

respectively,  in a THINKY™ mixer (ARE-250, adhere, Planetary Centrifugal Mixer). 

15 g of the centrifuged sample was then measured into a glass Petri dish  

A series of trial runs had been conducted to optimize the method of producing flat 

and largely homogenous sheets of polymer.  Traditional techniques involve 

coagulating the polymer on custom made flat sheets of stainless steel. In order to 

get some height in the constructs, porous polymer was coagulated in glass petri 

dishes which allowed an element of depth (c.3-5mm) in the scaffolds produced.   
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The Petri dish was immersed in a water bath at r.t.m. The water bath was placed on 

a gentle shaker to aid diffusion, and the samples were left to coagulate for 2-3 days. 

This method was used in the production of samples for all 9 groups. 60g of polymer 

of varying porosities (30%, 45% and 60%) were made using 60µm and 100µm 

Na2CO3 (sodium bicarbonate) and 150+µm Sucrose. 

 

Table 5.1 Mass of polymer and porogen added.  

 
Mass required for 

30% sample 
Mass required for 

45% sample 
Mass required for 

60% sample 

Porogen 30/100*60 = 18 g 45/100*60 = 27 g 60/100*60 = 36 g 

POSS-PCU 60 g-18 g = 42 g 60 g-27 g = 33 g 60 g-36 g = 24 g 

 

Discs of 16mm diameter (surface area = 2cm3) were cut out of each coagulated 

sheet using a mallet and metal die and put into labelled universal tubes filled with 

distilled water[table 5.2]. These were left on a roller to continue washing the DMAC 

out of the scaffolds for a further 7 days. The distilled water was changed daily. 

Before being seeded with chondrocytes they were autoclaved, placed inside 24 well 

plates and heated in a microwave for 10 seconds in PBS to ensure complete sterility.  

Table 5.2 Unique sample identifier given to each scaffold fabrication 

 
60µm Sodium 
Bicarbonate 

100µm Sodium 
Bicarbonate 

150-200µm 
Sucrose 

30% 30:60 30:100 30:150 

45% 45:60 45:100 45:150 

60% 60:60 60:100 60:150 
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5.3.2.2. Scaffold Characterisation: Permeability 

Permeability was measured using a simple apparatus imaged in figure 5.2 [Fig 5.2]. 

Samples were placed in a Perspex chamber and fastened in place using pressure 

from 4 strategically placed screws. Studies using direct manometry to measure 

interstitial fluid and tissue pressure within subcutaneous tissues have produced 

varied results from as little as -1.3mmHg to 37.1mmHg depending on the region in 

the body being studied (Burch & Sodeman 1937;Hargens et al. 1981). In light of the 

variation of these results and the relatively low pressure environment of the nose 

the pressure for permeation was set at 5mmHg to imitate the pressure that could 

be exerted by the subcutaneous tissue of the skin flap that will be placed over the 

construct in the final reconstruction.  

The top chamber was filled with distilled water up until a volume that equated to a 

pressure of 5mmHg. When the apparatus was set up, the amount of water to pass 

through the sample in 10 minutes under a 5mmHg pressure was measured using 

weighing scales.  Calculations were made to determine rate (ml/min) and the 

volume of water that passed through each sample. (n=4).  

 

Fig 5.1 Permeability testing apparatus 
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5.3.2.3. Chondrocyte scaffold imaging 

A fundamental part of tissue engineering research is to image the cells within the 

scaffold matrices in which they are cultured. Due to the physico-chemical properties 

of POSS PCU a number of traditional techniques for tissue imaging on a microscopic 

level do not work. POSS PCU is incredibly elastic, making sectioning for histological 

staining particularly difficult. Additionally the polymer auto-fluoresces in U.V. light, 

producing a greenish blue signal. U.V. light is frequently used to activate the 

fluorescence of various ligands attached to antibodies for cell labelling. The auto-

fluorescent nature of POSS PCU makes immunoflluorescent staining of cells more 

challenging especially when the signals are in the green- blue spectrum of light.  

 In order to image the arrangement of the cells within the porous scaffolds and thus 

have a better understanding of cell-scaffold interaction, a novel method for imaging 

was developed. Due to the auto-fluorescent nature of the polymer it had historically 

been very difficult to image cells within the scaffold architecture, especially 3D 

porous foams. Polymer scaffolds were made using Rhodamine 6G, a red fluorescent 

dye at a concentration of 1mg/g (Sigma). Rhodamine is a fluorescent dye that has 

been used for many years as a tracer dye to determine the rate and direction of 

water flow and transport. In biotechnology it has also been used in fluorescence 

microscopy, flow cytometry, and ELISA. Most importantly Rhodamine is not 

cytotoxic. When mixed with POSS PCU polymer solution, red-pink polymer scaffold 

mix was produced and used to coagulate scaffold discs using the method described 

earlier in section 5.3.2.1.2. This had never been done before within the Division of 

Surgery and Interventional Sciences (UCL), and as far as the researcher understands 

the method is not published anywhere. Chondrocytes were cultured on these 

scaffolds for 7 and 14 days before undergoing Hoechst staining and imaging on the 

confocal microscope and nuance multispectral imaging system. The Rhodamine 

enables the polymer to fluoresce in the red spectrum, whilst cells/cell nuclei can be 

stained with another fluorochorme clearer differentiate cellular material from the 

scaffold background.  
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The cells were not fixed before staining, so cells imaged were thought to be alive. 

The method has now become a very popular method for imaging cells on porous 

POSS PCU scaffolds and enabled our group to produce some cell imaging data on 

the polymer.  

5.3.3. RESULTS 

5.3.3.1. Scaffold characterisation 

5.3.3.1.1. SEM & Porosimetry  

Fig 5.2 is a panel of the SEM images taken of each scaffold fabrication. In order to 

investigate the average pore size, the images were analysed using image J analysis 

software the results of which are displayed in Fig 5.3.  

Looking at these images, it is obvious to the naked eye that the larger the size of the 

porogen used, the larger the size of the pores produced on the scaffold surface. 

Using the scale bars, it is apparent that the pores produced in all three groups under 

the 150-200µm heading are considerable larger than in the other samples. In 

addition, there appears to be a greater consistency in the organization of the pores 

when the amount of porogen added is increased, however this it is difficult to 

conclude this on simple observation. The lateral image of each scaffold allows the 

visualization of the internal structure which appears much more porous that the 

surface porosity would indicate.  
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Fig 5.2 Scanning electron micrographs. The images have been arranged according 

to porogen and percentage of porogen used in manufacture. A-I represent the top 

surface of the scaffolds. Aa – Ii represent the lateral surface of each scaffold. 
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As expected the 60:200 POSS PCU had the largest average pore size of all the 

samples, with 30:60 having the smallest (p<0.001 ([Fig 5.3]PTO). Statistically the 

effect of the size on the porogen on the size of pore produced is extremely 

significant (p<0.001). This effect is maintained at each percentage of porogen 

(p<0.001). The effect of the amount of porogen added is significant to a lesser 

degree (p<0.05).  The data did produce a non-linear relationship. The largest 

porogen (200µm) produced far bigger pores than the other two sizes. This could be 

due to the almost doubling in size of the porogen from the middle size to the larger 

size. Additionally leaching of the larger pores out of small surface areas of polymer 

being formed (clumping of the porogen) could mean that multiple pores formed too 

close were joining to form ‘mega pores’ that were much larger than those of smaller 

porogen.   

  



 

- 144 - 
 

 

 Fig 5.3 Porosimetry. (A) A 

graph of the average pore six 

found on the top surface of 

scaffolds made with 9 

different porosities. Two way 

ANOVAs and Bonferroni’s 

Post Test statistical analyses 

were performed. The size of 

the porogen and the amount 

of porogen both has a 

statistically significant effect on 

the average pore size, p<0.001 

and p<0.05 respectively. ***= 

p<0.001. (B) Below is a table 

showing the average pore size 

values for each scaffold. Each 

value is given as an area in units 

of cm3.  
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5.3.3.1.2. Contact angle 

The data demonstrates that the effect of the size of porogen and the amount of 

porogen on contact angle results were extremely significant (p<0.001) [fig 5.4]. 

There was a statistically significant difference between all the results of 100µm 

fabrications c.f. 200µm (p<0.001). The largest contact angle apart from the no 

porogen control was for 30:60 which incidentally had the smallest average pore 

size. The smallest contact angle was for 60:200 which conversely had the largest 

average pore size. The results suggest an overall trend that as contact angle 

decreasing as the average pore size increase. The contact angles for 60µm and 

100µm were the closest to the no porogen control with no significant difference at 

30%.  

 

Fig 5.4 A graph of the contact angles found on each scaffold. The change in 

porogen and the amount of porogen had an extremely significant effect on the size 

of the contact angles (p<0.001). The difference between scaffolds made with 

100µm and 200µm was extremely significant at all percentages, 30, 45 and 60% 

(p<0.001).   
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5.3.3.2. Cytocompatibility 

5.3.3.2.1. Alamar Blue 

The effect of porous fabrication on chondrocyte viability was extremely significant 

(p<0.001). The trend in the data suggests that as time increased the overall viability 

of the cells increased in most samples [fig 5.5a]. The samples produced similar 

results in the initial period of day 0 and 1. By day 3 there was a significant increase 

in viability compared with no cell control of CCM. The first peak in viability is at day 

7, with 30:60, 45:60 and 60: 100 having the highest results. The was a subsequent 

dip in viability by day 10 all samples apart from 60:60, 30:100, 45:100 and the No 

porogen control. By day 18, 30:100 is the only sample to have a statistically 

significant different viability from no porogen control (p<0.01) [fig 5.5b, PTO]. 
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Fig 5.5 Cell viability on porous scaffolds. (A) A graph of cell viability data produced 

using the AlamarBlue assay. Statistical test included Two-way ANOVA and 

Bonferroni’s Post Test. The change in porosity had a significant effect on the 

viability of the cells (p<0.001). On average the cell viability increased over the 

duration of the culture with all samples finished on a higher viability at day 18 than 

they started with on day 0. The majority of samples had a maximum peak at day 14 

with 30:100 continuing to increase until day 18 of the culture period.  (B) A graph 

showing the cell viabilities at the end of the culture period. 30:100 was the only 

increase up until day 18 and was the only sample significantly different from the No 

porogen control (p<0.001 (n=6).  
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5.3.3.2.2. Picogreen 

The total DNA production from each of the scaffolds was statistically significant 

(p<0.001). Overall the means of all the samples groups were significantly different 

from one another, however none were significantly different from the No porogen 

control (p>0.05). The highest DNA concentration was found in 30:100 scaffolds 

followed by 30:200 and 45:100. The least were found in 45:200 and 60:60.  

 

Fig 5.6 Cell proliferation data from Picogreen DNA assay. One-way ANOVA and 

Dunnett’s comparison Post Test was used to compare the statistical significance of 

the results. The mean of the results was considered significant (p<0.001) however 

there was no significant difference between the mean of the sample groups and the 

no porogen control (p>0.05). Data are presented as mean ± SD (n=6).  
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NB: In light of the results of the aforementioned data, a further three assays were 

performed to shed some light on what may be the most suitable scaffold to use for 

CTE. The scaffolds investigated further were the 30, 45 and 60% fabrication of the 

scaffolds using 100µm Na2CO3. The rationale behind this decision is examined in the 

discussion.  

5.3.3.2.3. Permeability 

A basic prerequisite of tissue engineered scaffolds is that they are permeable to 

allow the mass transport of fluids and waste into and out of the immediate 

environment. This is a major motivation for making the scaffolds porous initially. 

How permeable however has never really been described and has largely been 

based on the response of cells to matrices with different scaffold architecture. The 

investigation into permeability was two-fold. Firstly, it was conducted to show that 

the POSS PCU scaffolds were indeed permeable and that changing the pore size did 

significantly affect the architecture and therefore the functional ability of the 

scaffolds. This in turn answered the second tenet, of could we correlate the 

permeability to cell growth and therefore garner an indication of what permeability 

would optimal for the POSS PCU CTE scaffolds. 

The mean results of the permeability test were statistically significant (p<0.001). 

Dunnett’s comparison test also demonstrated that 60:100 was significantly different 

from the no porogen control (p<0.001). The other samples were not significantly 

different from the no porogen POSS PCU control [fig 5.7, PTO]. Increasing the 

porosity only increased the permeability in 60:100 scaffolds. When this data was 

correlated with previous cell viability data, permeability did not bear any specific 

correlation with cell viability. (one could suggest that increasing the permeability 

decreased the viability but  one should note that the data is not statistically 

significant to support this in addition to being purely correlation. This supposition 

would require much further investigation outside the scope of this investigation). 
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Fig 5.7 Results of permeability study. The graph shows the amount of water that 

can pass through the scaffold in one minute as at a pressure of 5mmHg. A pressure 

of 5 mmHg was physiologically similar to the pressure to be found in the vasculature 

of subcutaneous tissue (the proposed sight of implantation for such a construct) 

there was a statistically significant difference between 60:100 and the No porogen 

control using One-way ANOVA and Dunnett’s multiple comparison test. p<0.001.   
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5.3.3.3. Cell function: sGAG and Collagen 

The graphs in fig 5.8 show the results of the assays quantifying the release of ECM 

proteins. For the sGAG assay [fig 5.8A], at day 7, 45:100 scaffolds had the greatest 

fluorescence. Though the means for each of the groups was considered statistically 

significant (p<0.001), the difference between them was not (p>0.05). By day 14, 

60:100 had the highest sGAG production, with an extremely significant difference to 

the no porogen control (p<0.001). 30:100 was also significantly greater than the no 

porogen control; however, there was no significant difference between 30:100 and 

45:100, 30:100 and 60:100.  For the collagen assay [fig 5.8B] there was no 

significant difference between the results for day 7. By day 14, 30:100 had a 

significantly greater amount of collagen c.f. with the no porogen control (p<0.01).  

 

Fig 5.8 Assays of chondrocyte ECM protein production on porous scaffolds. (A) 

Results of the assay for sGAG proteins, which are key proteins found within the 

cartilage ECM. Day 7 results had no significant difference. Both 30:100 and 60:100 

has statistically more sGAG by day 14 c.f. no porogen controls. (B) Results of the 

assay for collagen proteins. Day 7 has no significant difference (PTO). 
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5.3.3.4. Cell and Scaffold interaction- fluorescence imaging 

In order to aid imaging of the scaffolds and seeded cells, the polymer has been 

made to fluoresce a brilliant red colour, allowing it to be clearly distinguished from 

the cell nuclei. Below are 3 images of cells within the scaffolds of (A) 30:100, (B) 

45:10 and (C) 60:100. Though the images have been taken at different 

magnifications, cells can be seen in the pores of the matrix forming colonies. 

Fig 5.9 Rhodamine 6G 

stained scaffolds with 

Hoechst cell nuclei staining. 

Images were taken using a 

confocal microscope and 

nuance multispectral imaging 

camera.  These scaffolds 

were incubated with 

chondrocytes for 14 days.  

They were illuminated under 

U.V. light and signals read at 

550nm. The red signal is for 

Rhodamine and marks the 

scaffolds. The blue signal is 

for Hoechst marking the cell 

nuclei. (A) 30:100 scaffold, 

x40 magnification. (B) 45:100 

scaffold, x20 magnification. 

(C) 60:100 scaffold x 20 

Magnification.   
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5.3.4. DISCUSSION 

The motivation for this investigation was to optimize the [porosity of POSS PCU 

nanocomposite polymer for producing cartilage tissue. The results provide detailed 

information into the functional effects of porosity on the behaviour of chondrocyte 

cells,  

The first experiment looked at the effect of the porogens and the amount of 

porogen on the actual size of pores produced on the surface on the scaffold [fig 

5.2]. It was interesting to see that for 60 and 100µm fabrications the size of the 

pores produced on the surface of the scaffold were not too dissimilar from the size 

of the porogen. The greater the amount of porogen added, the closer to the size of 

the porogen the pores became e.g. 30:60 had an area of 37um3 (0.0037cm3) 

compared with 60:60 with and area of 52µm3 (0.0057cm3). This suggests that these 

porogens could be used accurately to control the size of pores produced on the 

scaffold surface, onto which cells are most likely to be seeded.  

The effect of scaffold porosity on the surface chemistry, with respect to contact 

angle hysteresis was also investigated. It is widely appreciated that the 

hydrophilicity or hydophobicity of a scaffold influences the ability of cells to adhere 

and grow on it. Increased cell adhesion and subsequent proliferation on hydrophilic 

surfaces is thought to be due to improved transport of oxygen and nutrients and 

removal of metabolic waste (Oh et al. 2011a). It has previously been found that cells 

effectively adhere onto polymer surfaces with contact angles of around 40-70θ 

(Daffonchio, Thaveesri, & Verstraete 1995a). Hydrophilic surfaces have been stated 

to have a contact angle of < 45 degrees theta and hydrophobic surfaces of > 60θ 

(Daffonchio, Thaveesri, & Verstraete 1995b).  

In this study results show that as the porosity of the scaffold was increased there 

was a reduction in the contact angle, suggesting an increase in ‘hydrophilicity’. 

Porous POSS PCU scaffolds, despite the hydrophobic tendencies of the polymeric 

material they are made of, are able to hold water within their pores giving a false 

hydrophilicity (Chapter 3). The contact angle results indicate that the increase in 
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pore size allows more water to be logged inside the polymer, suggesting a greater 

permeability. Permeability and pore interconnectivity are crucial in tissue 

engineering, to aid nutrient flow and waste exchange (Zeltinger et al. 2001).  

Chondrocyte proliferation and viability depends on the ability of these cells to 

adhere and spreading in the scaffold surface (El Ayoubi et al. 2011b). It is likely 

therefore that the changes in micro-architecture and surface wettability will have 

significant effect chondrocyte viability. 30:100 had the best cell viability over the 18 

day culture period, when compared with all other sample groups and the no 

porogen control [Fig 5.5]. The viability of cells on the 30:100 scaffolds increased 

consistently over the 18 days. On the whole, scaffolds made with the 100µm 

porogen had consistently higher viabilities up until day 14. This suggests that the 

smaller and larger porosities may not provide the optimum environment for cell 

growth.  Other samples suffered a drop in viability around day 10 of the culture 

period. A peak in growth had been reach by day 7, thereafter competition for 

nutrients within the system and cell death may have negatively affected the cell 

viability up until day 10. Media changes, which replenished nutrients and removed 

waste products, may have reset the culture environment to allow a new spike in 

viability after day 10 till day 14. The larger pore size of the 200µm scaffolds 

negatively affected cell viability as they were consistently lower than all other 

samples including the no porogen control.  

When this data is considered in relation to the cell proliferation data, 30:100 also 

had the highest amount of DNA at the end of the 18 day culture period, though 

none of the results were significantly different from the no porogen control. This 

indicates that the increase in cell viability on the 30:100 could be attributed to a 

greater rate of proliferation (i.e. more cells equates to greater metabolic activity). 

The rate of proliferation could have been positively influenced by the balance 

between pores for mass transport and the spaces between the pores for adhesion 

and spreading.  
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The results of this study correlate with other published research where there was 

increased cell viability of MSCs grown on scaffolds with smaller pore sizes (250 µm) 

compared to larger pore size (400 mm). The study described how improved 

topography from the smaller pore size must have allowed more cell attachment and 

thus increased cell proliferation. The reason given for the lower rate of proliferation 

on the larger sized porous polymers was due to poor cell attachment inhibited by 

inferior surface area and decreased cell-cell attachment needed for proliferation/ 

chondrogenesis due to large pore size (El Ayoubi et al. 2011a). MSCs are 

comparatively much larger cells than chondrocytes (17µm) and can thrive with pore 

sizes ranging from 100 to 250µm (Im, Ko, & Lee 2012). Our data shows that that 

pores sizes ranging from 50-100µm are most suited to chondrocyte cell culture 

when using POSS PCU as a scaffold matrix. 

In order to investigate further the optimum scaffold for tissue engineering the nasal 

construct further studies were carried out. Quantization of ECM proteins on day 14 

of culture showed that 60:100 produced the most amount of GAG and 30:100 

produced the most amount of collagen. 30:100 produced significantly more 

collagen than 60:100, but there was no significant difference between the amounts 

of sGAG produced by these scaffolds. When the collagen results are analyzed in 

relation to permeability, a trend appears where there is a gradual decline in 

collagen production with the increasing permeability/porosity. However the trend is 

not apparent in the production of sGAG. sGAG is produced slightly later in the 

chondrocyte maturation and ECM deposition, and perhaps cells on the 60:100, in 

light of the reduced surface area for proliferation, adopted a more mature 

differentiation profile, secreting more sGAG and less collagen. It is also possible that 

collagen has a greater potential for leaching into the culture medium, with the 

increased permeability, reducing the results obtained for 60:100. 
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5.3.5. CONCLUSION 

Overall the data suggests that the salt leaching and coagulation method is a useful 

technique for producing POSS PCU scaffolds on which chondrocytes can adhere 

proliferate and secrete cartilage like ECM. The optimum scaffold for use in CTE is 

the 30:100 POSS PCU fabrication made using 30% 100µm Na2C03. Cells grown on 

this scaffold had superior cell viability, proliferation and ECM protein production.  
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5.4. AIM 2: EVALUATING THE NEED FOR DYNAMIC FLOW IN 3D 

TISSUE CULTURE 

5.4.1. BACKGROUND 

Key to tissue engineering is the use of exogenous mechanical forces to simulate 

loading forces (exerted during daily movement and exercise), which in turn 

increases the metabolic activity of and ECM production of chondrocytes. This is 

especially true for the hyaline cartilage subtype, found in the joint region and the 

nasal septum. Shear stress, compressive forces, tensile forces and hydrostatic 

pressures are all parameters that can be modulated to influence the quality of 

cartilaginous constructs engineered (Schulz & Bader 2007;Schumann et al. 

2006;Smith, Carter, & Schurman 2004;Wescoe et al. 2008). Compression and 

loading have been deemed crucial in auricular CTE in particular, serving to improve 

the strength and resistance of these constructs. For example dynamic compression 

at moderate strains of 2-10% or 0.5-1.0MPa can stimulate the synthesis of 

collagens, proteoglycans and fibronectin (Parkkinen et al. 1993;Sah et al. 

1989;Steinmeyer, Ackermann, & Raiss 1997;Steinmeyer & Knue 1997;Wong, 

Siegrist, & Cao 1999).  In general dynamic compressions at levels akin to 

physiological activity have a positive effect of cartilage ECM production. However 

there is evidence to suggest that it can lead to reduced ECM production and 

mechanical properties, especially if used at early period of culture when ECM is 

immature(Davisson et al. 2002;Hunter, Mouw, & Levenston 2004;Kisiday et al. 

2004;Lee et al. 2005;Lee, Grodzinsky, & Spector 2003;Seidel et al. 2004).  Fluid flow 

and shear stress have been also shown to have variable effects on cartilage 

constructs (stresses of less than <1MPa) (Bonassar et al. 2000;Raimondi et al. 

2002;Schulz & Bader 2007;Smith et al. 1995;Smith, Carter, & Schurman 

2004;Vunjak-Novakovic et al. 1999). Shear stress would be useful for improving 

mass transport in the in vitro culture of large 3D constructs, helping to penetrate 

deeper into the matrix and may perhaps be more physiologically relevant to nasal 

cartilage tissue engineering than dynamic or cyclical compression [fig 5.10 PTO]. 
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Fig 5.10 A schematic image of shear stress induced by flow in relation to cell 

seeded on a scaffold.  

The easiest method for examining the effects of shear stress in 3D culture systems 

is by placing constructs in culture either on a Petri dish or in a dynamic or orbital 

shaker (Chen & Hu 2006;El-Ayoubi et al. 2011;Hung et al. 2004). Other methods 

developed have included using spinner flasks or vessels with magnetic stirrers (Chen 

& Hu 2006;El-Ayoubi, DeGrandpre, DiRaddo, Yousefi, & Lavigne 2011;Hung, Mauck, 

Wang, Lima, & Ateshian 2004). Extensive study in the nineties looked at the 

application of shear stress by comparing static and orbital shakers, stirred vessels 

with rotating vessels (Glowacki 2000;Schulz & Bader 2007;Vunjak-Novakovic, 

Martin, Obradovic, Treppo, Grodzinsky, Langer, & Freed 1999;Vunjak-Novakovic et 

al. 2002a;Vunjak-Novakovic et al. 2002b). Rotating vessels are more advanced 

systems where constructs float freely within culture medium, whilst the whole 

vessel rotates around a central axis at a constants speed. Chondrocytes were 

seeded onto porous scaffold discs and cultured in the aforementioned vessels for 8 

weeks. Results showed that freely cultured constructs were larger than those 

cultured in static or stirred vessels. They formed cartilaginous ECM with the 

greatest concentration of GAGs and collagen. Their mechanical properties were also 

shown to be superior (Vunjak-Novakovic, Obradovic, Martin, & Freed 2002a).   

Therefore the aim of this study was to look at the effect dynamic culture on the 

growth of chondrocyte on POSS PCU. Could increased flow and nutrient exchange 

improve the quality of cartilage produced on 3D porous POSS PCU? 
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5.4.2. MATERIALS AND METHODS 

A number of the methods used in the following investigation have been described 

in detail in Chapter 3: Materials and Methods. Methods specific to this investigation 

have been described: 

1. POSS PCU synthesis  

2. Scaffold synthesis 

3. AlamarBlue™ cell viability  

4. Picogreen® DNA assay  

5. sGAG assay  

6. Collagen assay 

 

5.4.2.1. Culture environments 

Cells were seeded at 5 x 104/scaffold (2.5x104 /cm3) in light of the increased 

porosity. 2 different culture environments. Static culture, Normal 24 well plate, with 

1ml of media added. Dynamic culture in 6 well plates, to allow for flow, 5mls of 

media. Incubated statically for 24 hours to aid cell adhesion, and then placed on a 

platform shaker in an incubator. Normal culture conditions. The media was changed 

every 3 days.  
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5.4.3. RESULTS 

5.4.3.1. Cell viability 

P1 chondrocytes were seeded onto Porous POSS PCU scaffolds (optimized in earlier 

in chapter 3, containing 30% 100µm Na2CO3) and cultured for 14 days in dynamic 

culture. Chondrocytes were cultured statically on polymer to serve as a negative 

control. There was an increase in the viability of cells grown in static culture over 

the 14 days. This is compared with no increase in viability seen in dynamic culture. 

At days 7, 10 and 14 there was an extremely significant difference in the viability of 

cells grown in dynamic and static cultures, with static being significantly greater 

(p<0.001). There was a significant difference earlier at day 3 also 3 (p<0.05). 

 

Fig 5.11 Cell viability. 14 day culture period of chondrocytes on 30:100 POSS PCU. 

AlamarBlue™ assay was performed at day 0, 3, 7, 10 and 14. Two-way ANOVA and 

Bonferroni’s Post Test statistical analysis performed. ***= p<0.001. n= 6.  
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5.4.3.2. Picogreen 

Total DNA was investigated at the end of the 14 day culture period. There was a 

significant difference between dynamic and static cultures at day 7 and day 14 

(p<0.05 and p<0.001 respectively). The amount of DNA decreased from day 7 to 14 

in the dynamic culture, but increased in the static. This difference did not appear 

statistically significant (p>0.05). The fluorescent data was correlated with the 

number of chondrocytes one would expect to give such reading using the Picogreen 

calibration curve and preliminary data (chapter 3). The number of cells in the 

dynamic culture decreased by 50% by day 7 and by a total of 75% by day 14, when 

c.f. the original seeding density of 5 x104 cells/disc. [fig 5.11 PTO]. 
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Fig 5.12 Cell proliferation. (A) 7 and 14 day culture of chondrocytes on 30:100 POSS 

PCU. Picogreen assay was performed on samples cultured to day 7 and another set 

of samples cultured to day 14. Two-way ANOVA and Bonferroni’s Post Test 

statistical analysis performed. *=p<0.05, ***= p<0.001. n= 4. (B) Numerical data on 

the fluorescent reading of each sample of DNA correlated with the number of cells 

it represents using the Picogreen calibration curve.  
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5.4.3.3. ECM proteins 

The level of ECM protein production was greater in the samples cultured in a static 

environment c.f. with dynamic cultures. A significantly larger amount of collagen 

was harvested form static cultures c.f. dynamic. There was no significant difference 

in the amount of sGAG harvested.  

 

Fig 5.13 ECM protein production. 14 day culture of chondrocytes on 30:100 POSS 

PCU. Collagen and sGAG assays were performed on two sets of samples cultured to 

day 7. Two-way ANOVA and Bonferroni’s Post Test statistical analysis performed. 

***= p<0.001. n= 4.  
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5.4.3.4. 24hr static + Dynamic 

In order to see whether dynamic flow could improve cell growth after a period or 

initial static cell seeding, the cells were seeded for 24hrs and then put into the same 

dynamic flow conditions as in previous experiments. Cell viability was compared 

again with static cultures and dynamic cultures. The results clearly show that cells 

grown in the static environment had far better viability than the other experimental 

groups, especially from day 7 onwards (p<0.001). Cells cultured with the initial static 

period were statistically better than the purely dynamic culture (P<0.001) however 

they showed the same pattern of decline in growth from day 7 onwards. This gave a 

very clear indication that in the stage of culture the introduction of dynamic flow 

into the culture environment did not improve viability but rather hindered the 

growth of the cells.  

 

Fig 5.14 Cell viability study of the effects of dynamic culture after a 24hr static 

culture.  There was statistically significant difference between the viability in the 

static samples compared with all other experimental groups (P<0.001). The 24hr 

static + dynamic group showed a similar pattern of decline to the only dynamic 

group at day 7, though there was statistically more viability in the 24hr static groups 

when c.f. the dynamic (P<0.001). Data are shown as mean ± SD (n=4). 

Cell Viability 

Time (days) 

Emission 
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units) 

 



 

- 167 - 
 

5.4.4. DISCUSSION 

This study was conducted to see where the inclusion of dynamic culture would 

improve upon the chondrocyte growth and ECM deposition obtained in part 1 with 

the fabrication of porous scaffolds. There is published literature to state that 

chondrocytes benefit from the inclusion of mechanical parameters in their culture 

environment. One of these parameters is shear stress introduced by creating flow in 

the culture environment. It is widely held that flow increases mass transport 

through permeable constructs and the shear stress created enhances ECM 

deposition, cell growth and proliferation.  

This investigation looked at the effect of dynamic culture by culture on a platform 

shaker set to a low speed that caused a gentle shear stress over the seeded 

constructs. All three data sets suggest that the inclusion of shear stress into the 

culture environment in fact had a detrimental effect on chondrocyte growth. Cell 

viability and proliferation were significantly diminished in dynamic culture when 

compared with the traditional static culture. With respect to cell proliferation data 

the number of cells on the scaffold fell by 75% by day 14. This suggests that though 

the cells are able to adhere to the scaffold initially, the introduction of dynamic flow 

forces in the first 14 days is too soon. Even when cells where cultured with a 24hr 

static period initially, there was a detrimental effect on the viability of the cells over 

the remaining 13 days after the introduction of dynamic flow. It appears that the 

adhesive ligands are still fragile at this point; therefore cells may be likely to fall off 

the scaffold resulting inevitably in cell death. Chondrocytes need to be adhered in 

order to grow and proliferate. Without adhesion they apoptose (chondrocyte can 

only live in suspension for up to 24hrs).  

It was not expected that all cells would adhere upon seeding, and this is evidenced 

in the results for static culture, where 58% of cells had adhered by day 7. It is 

unclear however whether these cells were largely those that were seeded initially, 

or a population of newly proliferated cells. What is clear however is the significant 

increase in cell number by day 14 which is to be expected in a successful cell-
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scaffold culture. This was not the case for dynamic culture, leading us to believe 

that for culturing chondrocytes on POSS PCU, a static environment is far more 

suited.  Aside from cell culture there was a disappointing production of ECM 

protein, again indication the lack of stabilisation of chondrocytes on the scaffold to 

adequately proliferate, mature and secrete ECM. 

5.4.5. CONCLUSION 

Though there is a large amount of literature describing the benefits of dynamic 

culture in CTE it is important to note that each scaffold is unique. Cells react to 

different scaffolds in distinctive ways, and it appears the cell-adhesive ability of 

POSS PCU is detrimentally affected by dynamic culture. This was at least evidenced 

within the initial stages of culture, 10 to 14 days. The benefits of dynamic culture 

may well need to be restricted to later stages of culture (28 days +) when large 

amounts of ECM have been deposited. With respect to the 3D culture of the nasal 

constructs, the data suggests that culture in a static environment at least until day 

14 would be most suitable for promoting mass cell adherence. 
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Whole Organ Tissue Engineering: 

Putting the Pieces Together 
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6.1. PREFACE  

Up until this point in the investigation, the focus had been on optimizing POSS PCU 

for CTE on the microscale level of tissue engineering. Chapter 4 aimed to determine 

the cytocompatibility of POSS PCU and whether it would be feasible to use such a 

polymer to support cellular and neo-tissue development in vitro and eventually in 

vivo. The results showed that POSS PCU is indeed a cytocompatible polymer, with 

the potential to support chondrocyte growth and ECM matrix production. In 

chapter 5, the polymer was fabricated to form micro-porous scaffolds which further 

improved the tissue engineering capabilities of the polymer.  

In this chapter the focus shifts to the 3D manufacture of the nasal scaffold. The 

overarching aim of this research was to produce a nasal scaffold for clinical 

application in total nasal reconstruction. The nose is a 3D structure, and the scaffold 

that is to serve as the frame for reconstruction needs to have a stable 3D form with 

identifiable nasal morphology. The literature on whole organ tissue engineering is 

limited as over the last decade most groups have focused on the development of 

techniques to produce smaller tissues and constructs on the millimetre scale of size. 

The functional replacement of whole organs using tissue engineering methodology 

has only recently become a tangible goal, with the majority of this research founded 

on the use of naturally occurring ECM via the decellularisation of allogenic and 

xenogenic whole organs or tissues. Very little research has been conducted using 

synthetic materials. 

This investigation is at the cutting edge of research into whole organ tissue 

engineering, and though not exhaustive in its approaches, it goes some way to 

moving tissue engineering research towards to the primary goal of clinical 

application. As well as engineering the construct, the mechanism for its culture was 

developed and evaluated in the course of experiments described in this chapter. 

Further still, a process for implementing this in the clinical setting was also 

evaluated. How could this process be individualised and tailor-made for each 
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patient, to ensure that every reconstruction using the tissue engineered nasal 

construct is as suited to them and their cosmesis as possible?   

6.2. EXPERIMENTAL AIMS 

AIM 1- Engineering and development of a whole nose scaffold 

AIM 2- Design, development and evaluation of a bioreactor for culturing the nasal    

construct 
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6.3. AIM 1: ENGINEERING AND DEVELOPEMNT OF A NOSE 

SCAFFOLD 

6.3.1. BACKGROUND 

It is not unheard of to describe reconstructive surgery as an art form. There are 

reconstructive operations that could in theory be taught to anyone, where 

standardized approaches govern technique and to a degree stifle creativity. There 

are however, more option-rich manipulations that require ingenuity, precision and 

daresay artistic flare. This is no more evident than in surgeries where reconstructive 

surgeons attempt to recreate complex 3D nasal anatomy.  

Surgeons are taught to identify asymmetry and deviations from craniofacial norms. 

Up until now visual assessment, also referred to as the anthroposcopic approach is 

used in the clinical evaluation of patients’ defects. The evaluation of form is a 

subjective judgement made via visual inspection.  Subjective evaluations of the 

anomalies are employed in tandem with clinical expertise and patient preferences 

to decide the most suitable management plan for the patient.  

It has been thought that ideally, the reconstruction of damaged body parts would 

be based on calculated numerical data, which would ensure optimum accuracy in 

the functional and aesthetic restoration of damaged tissue. To achieve this aim, 

cranial anthropologists have studied the human face for many years (Farkas 

1996;Farkas et al. 1999;Farkas & Deutsch 1996;Farkas, Katic, & Forrest 2007). They 

have searched for numerical relationships that govern how people look according to 

their racial and gender identities.  

Perhaps most famous of these scientists was Leslie G. Farkas who over an entire 

lifetime measured and documented the 200 plus precise facial measurements of 

over 2000 subjects (Farkas 1996;Farkas, Hajnis, & Posnick 1993;Farkas & Kolar 

1987). He described a list of anthroposcopic signs (qualitative) and anthropometric 

signs (quantitative) that would be crucial in the analysis of the human nose(Farkas, 

Kolar, & Munro 1986). In Caucasian males and females, aged 19-25, he was able to 

produce normative data for a number of features of the nose such as the width of 
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the columellar and height of the nose. The investigation showed that there were a 

wide variety of ‘ideal’ or ‘attractive’ noses, with only 12% lying around the mean of 

measurements. Noses were found to have a combination of normal and abnormal 

measurements, and the key to restoring facial harmony was to renew the 

uniformity of proportions by eliminating disproportionate relationships in specific 

features of the nose(Farkas 1996;Farkas, Tompson, Phillips, Katic, & Cornfoot 

1999;Farkas & Deutsch 1996;Farkas, Katic, & Forrest 2007;Farkas, Kolar, & Munro 

1986).  

Despite this data having been available for many decades, it has been difficult to 

incorporate into the reconstruction of craniofacial abnormalities, with a majority of 

reconstructions still being based on visual assessment. This may perhaps be because 

careful analysis of this data draws little conclusion beyond what is already evident 

to the untrained eye. Straight line point to point analysis, does not give a real 

indication of complex angles, shapes and form. To achieve life-like morphology the 

clinical expertise of a practiced surgeon as still required. In addition, the existing 

facial cosmesis, extent of damage and availability of replacement tissue can take 

precedence in determining the course of reconstruction and the eventual outcome.  

The authors felt that in the absence of clear scientific ruling on the numerical 

features of nasal anatomy, a slightly different approach would be needed. As much 

as experienced surgeons employ artistic intuition when reconstructing the human 

nose, so too was an element of this creativity incorporated into the production of 

nasal scaffolds.  

Before beginning the process of engineering the 3D construct, a thorough 

understanding of nasal skeletal anatomy and function was fundamental. The upper 

and lower alar cartilages form the sidewalls of the nose where they meet with the 

central septum to form the dorsum. This cartilaginous skeleton is functionally 

responsible for maintaining patency in the nasal airways. It is for this reason that 

cartilage is harvested in total nasal reconstructions to replace the septum and alar 

cartilages that will support the new coverage of the nose, the micro-vascular free 
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flap (e.g. radial forearm flap, or paramedian forehead flap). As a result, the author 

felt that functionally the major criterion for the nasal constructs was to ensure that 

they would be able to maintain nasal airway patency in the long-term.  

In order to achieve this, a method for producing a nose shaped scaffold with 

optimal mechanical stiffness was needed. A variety of techniques were developed 

and the resultant products were evaluated objectively and subjectively in terms of 

gross morphology and mechanical strength.  The results and discussion section have 

been merged to allow for evaluation alongside the data, enabling the reader to 

understand the progression in method development. The data have been described 

in terms of qualitative and quantitative evaluation.   

6.3.2. MATERIALS AND METHODS 

A number of the methods used in the following investigation have been described 

in detail in Chapter 3: Materials and Methods. Otherwise, methods specific to this 

investigation have been described: 

1. POSS PCU synthesis  

2. POSS PCU coagulation  

3. POSS PCU casting  

4. Tensile testing 

 

6.3.2.1. Nose Moulding 

6.3.2.1.1. Nose models 

The authors used real human noses to fabricate the moulds used in the scaffold 

production [fig6.]. 

Fig 6.1 Nose models used to produce 

moulds. (A) used to produce plasticine, 

plaster of paris and sodium alginate 

moulds. (B) used to produce glass 

moulds.  
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6.3.2.1.2. Plasticine Models 

Initially models of noses were made using commercially available Plasticine™. The 

noses were dipped in POSS PCU and suspended in a 60°C oven to air dry. The noses 

were peeled and cut into shape and dipped again into POSS PCU before being 

submerged into water for coagulation. The constructs were left for 3 days to 

coagulate before testing.  

6.3.2.1.3. Plaster of Paris Moulds 

Plaster of paris is widely used in medicine to support broken bones. In addition to 

this it is used in radiotherapy when making immobilization casts for patients. A 

negative impression of the patients head and neck is produced using layers of 

plastered bandages. The impression is then filled with liquid plaster to produce a 

positive impression of bust. Under vacuum pressure, Perspex is then formed over 

the bust creating the immobilization. After witnessing this process in action, a 

similar method was employed to make the POSS PCU nasal scaffolds.  

The author used themselves as a subject. Though other subjects were available it 

was felt that consistency in mould shape and size would be needed in order to 

make valid comparisons. Bandages were dipped in a solution of Plaster and layered 

over the nose and cheeks of the author. The plaster was allowed to set for 

c.10mins.  

When the mould was sufficiently dry, POSS PCU was poured into the impression and 

submerged in distilled water to coagulate. Samples were left to coagulate for 3 days 

before being peeled away from the plaster moulds 

6.3.2.1.4. Sodium Alginate Moulds 

Casting using sodium alginate gel is frequently used for making moulds and 

impressions. It sets very quickly and is clean economic and easy to apply (Cao, 

Vacanti, Paige, Upton, & Vacanti 1997).  The immersion was used to take 

impressions of the nose model. The alginate mixture was formed using a 3:10 w/v 

ratio with distilled water. The alginate was mix in a small bowl to allow the nose to 
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be immersed while the gel sets. The nose was kept in the gel for 3-4 minutes 

ensuring the impression had firmly set.  

Because alginate is not very durable (dries out within 24-48hours), POSS PCU 

models where coagulated as described previously, in the sodium alginate moulds 

immediately.   

6.3.2.2. Anthropometric measurements of nose scaffolds 

Three measurements of the nasal scaffolds were taken. (1) Length of nasal bridge 

(nasion to pronasale). (2) The height of the columellar (pronasale to subnasale). (3) 

The width of the nose (alare to alare). The measurements were made using digital 

sliding callipers. The measurements were taken three times and the average of 

these was used in the evaluations. 

Fig 6.2 Image depicting the measurements 

taken to analysis the dimensions of the nose 

scaffolds. 

 

 

 

 

 

6.3.2.3. Weighing 

Constructs were weighed using a standard weighing scale, when partially dry. The 

constructs were removed was waster and squeezed using try tissues to remove 

excess water within the frame. The scaffolds were weighed 3 times after removal 

from water and partially drying. An average of these results was used as the final 

weight.   
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6.3.3. RESULTS & DISCUSSION 

6.3.3.1. Qualitative Evaluation 

6.3.3.1.1. 1st Generation- Plasticine moulding 

Plasticine was trialled as the first method for producing the nasal scaffold. It was felt 

that plasticine was an inexpensive and easy way of producing positive moulds 

around which the nasal scaffolds would be made. Casting and coagulation of POSS 

PCU were tried directly on the plasticine, and results showed that the POSS PCU was 

more easily removed from the mould when casted. So the method became to 

initially cast the POSS PCU, coating with coagulated POSS PCU, the fabrication of 

POSS PCU that has been optimized for chondrocyte growth.  

During the casting process it was apparent that the plasticine could not withstand 

prolonged heat, and eventually began to soften in the oven, causing the scaffold to 

lose the definition of its shape. The scaffolds produced were not very comparable in 

morphology to the real nose in question [fig 6.2A c.f. fig 6.3 PTO].  
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Fig 6.3 Evaluation of plasticine modelling technique. (A) and (B) are images of the 

same nasal scaffold. (C) is an image of the second scaffold made using the same 

technique. Out of six attempts only two morphologically identifiable noses were 

produced. (D) An image of a construct that went wrong, were the POSS PCU failed 

to cast properly and subsequently took on a weird shape when coagulated. The 

plasticine melted in the oven causing the casted material to lose its nasal definition. 

The structure was stiff and not readily compressed however the bi-layer structure  

did also partially delaminate at the edges.  
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6.3.3.1.2. 2nd Generation- Plaster of Paris 

Coagulating the plaster of paris mould was problematic as the plaster would 

dissolve over time into the water bath, causing the mould to lose shape. This was 

probably the most significant factor causing to the very high failure rate of this 

method. Also, with most of the constructs fabricated using this method, air bubbles 

would form between the polymer and scaffold interface causing, large indentations 

in the scaffold surface. The shape of these scaffolds had a greater likeness to the 

original nose, especially when c.f. the scaffolds from the plasticine moulding. 

 

Fig 6.4 Results of the plaster of paris moulding technique.  Out of a total of nine 

attempts to produce the nasal scaffolds, constructs (A), (B), and (C) were the best 

products in terms of morphology. The scaffolds have more definition in their shape, 

however the development of bubbles during the coagulation process caused the 

large indentations o the scaffold surface. The constructs were stiff under 

compression by hand, with the alar regions being very difficult to collapse.   
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6.3.3.1.3. 3rd Generation- Sodium Alginate 

Sodium alginate moulding produced rubbery moulds that were easy to make. 

Sodium alginate is also porous so it was felt that this would improve or even 

quicken the coagulation process, as water would be able to diffuse through the 

mould to the polymer, and DMAC (the solvent POSS PCU is dissolved in), diffuse out 

into the water. This proved to be correct, as scaffolds tended to coagulate much 

faster, in 1/5 to 2 days. The scaffolds produced were comparable in size to the size 

of the original nose however once again there was no consistency in production. 

Some scaffolds were very rough, others were smooth. The majority of the scaffolds 

became bulbous without nasal definition. The polymer did not adhere to the 

alginate on the inside of the moulds as they were wet, causing the polymer to 

coagulate prematurely and lift out of the mould.  

Taping the polymer to the scaffold on the external edges did not improve the 

scaffold outcomes. The images in figure 6.5B and C show the only two scaffolds to 

be produced with some identifiable nasal morphology [fig 6.5].   

  



 

- 181 - 
 

 

 

Fig 6.5 Evaluation of sodium alginate moulding. (A) A  sodium alginate mould. (B) + 

(C) Nasal scaffolds produced using the sodium alginate mould. Out of a total of 9 

attempts from 3 different sodium alginate moulds, only 2 produced a scaffolds with 

moderate nasal morphology. 
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6.3.3.1.4. 4th Generation- Glass 

The glass moulds were produced bespoke, using the skill and artistry of an 

experienced glass blower. The glass moulds had the best definition of all the moulds 

and could be reused over and over without change to its form. The scaffolds were 

also easy to clean after each coagulation process. The scaffolds produced in these 

scaffolds have excellent morphology. Though the failure rate remained high, there 

was greater consistency in the dimension of the scaffolds. When the scaffolds did 

work, they looked very similar.  

There was failure in some of the scaffold due to the trapping of air where the 

polymer contacted glass. Also, many of the scaffolds did not complete coagulation, 

even after extended periods in the water. The moulds were quite deep, making it 

difficult for water and DMAX to diffuse in and out respectively. When the scaffolds 

where pulled out of the moulds, much of the polymer remained un-coagulated [fig 

6.6].  
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Fig 6.6 Evaluation of lead glass moulding technique. (A) A lead glass mould used for 

producing the nasal scaffolds. (B, C and D) nasal scaffolds produced using the glass 

technique. Once the nostrils were hollowed, the alar regions were collapsible under 

a pressure similar to that which would collapse the alar rims of a normal human 

nose (subjective analysis).  High failure rate, 1/5 would not coagulate successfully.  

6.3.3.2. Quantitative Evaluation 

In order to decide which method would be most suited to producing the nasal 

scaffolds, an evaluation of the quantitative results was also performed. The 

methods and the scaffolds they produced were evaluated in terms of scaffolds 

dimensions (similarity to model) and mechanical strength (stiffness similarity to 

human cartilage).  
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6.3.3.2.1. Dimensions 

Three key measurements of the each nasal scaffold were taken using digital 

callipers to quantitatively assess the potential for each method to 1) produce 

scaffolds with a consistent size and 2) produce scaffolds that are similar in size to 

original/model. The results have been shown as the percentage difference from the 

original dimensions [6.7]. The x-axis is grouped according to nasal characteristic. Off 

all the methods, glass fabrication produced scaffold with the least percentage 

difference from the model in all three characteristics. This correlates with the 

qualitative assessment where the conservation of shape and form can be seen quite 

clearly [fig 6.7]. 

 

Fig 6.7 Dimensions of the nasal scaffolds.    
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6.3.3.2.2. Mechanical Testing 

None of the scaffolds contain a septal region, so the lateral walls of the POSS PCU 

constructs were c.f. the mechanical testing results of human alar cartilage 

(Grellmann, Berghaus, Haberland, Jamali, Holweg, Reincke, & Bierogel 2006;Haisch 

2010;Rotter, Bonassar, Tobias, Lebl, Roy, & Vacanti 2002a;Rotter, Haisch, & 

Bucheler 2005;Zemek, Garg, & Wong 2010)[fig6.8]. In addition flat sheets of 

coagulated POSS PCU were also tested as a negative control for the 3D nose scaffold 

fabrication technique (lest the technique was adversely affecting the mechanical 

properties of the polymer). The results for human alar cartilage were taken from 

the literature, which described a range of values from anything as low as 4MPa/mm 

to as high as 32MPa/mm. The majority of results were in the lower range however. 

It is plain to see that samples from the POSS PCU constructs were far stiffer, 

requiring grater force to stretch than human alar cartilage.  

Ideally, examination of compressive modulus on the constructs would have been 

even more informative seeing as though we are far more likely to compress our 

noses than to stretch them. Understanding the memory of the coagulated 

constructs and their ability to reform after the application of a variety of external 

pressures would have complimented the data on stiffness. The primary difficulty 

with this is how one would measure the deformation/destruction to the material? 

Compression when dealing with a hard solid substance is relatively straight 

forwards in that compression can be measured in the width of the sample. But it 

proves more difficult in an elastic material such as POSS PCU with significant 

memory where after compression (especially as normal everyday pressures) the 

material comes back to shape with ease. This would have required highly 

specialised equipment outside the scope and budget for the research performed in 

the PhD duration. This is also likely the reason that the published data that does 

exist for the mechanical properties of nasal cartilage (though limited) includes 

tensile testing. In addition to the fact young’s modulus is specifically calculated to 

determine the stiffness of an elastic material, giving a good indication of the 
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pliability of the material and its ability to withstand pulling, twisting and more 

laterally, bending pressures. 

Upon analysis of the data there was conservation of stiffness across all methods 

groups which in theory could render the septal ‘piece’. Because the structure itself 

is strong without the septal ‘piece’, the addition of the septum was considered in 

light of the need to minimize the complexity of surgical implantation of the 

construct and the overall weight of the construct. The decision was made to not 

include a septal ‘piece’ into the construct.  

 

Fig 6.8 Mechanical Testing of lateral walls of scaffolds. The average modulus of 

stiffness of each scaffold fabrication is represented by a column.  There was no 

statistically significant difference between any of the sample group. All sample 
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groups however were statistically stronger than the control POSS PCU sheets, 

P<0.001. Data is shown as mean ± SD (n=3)  

6.3.4. ANATOMICAL COMPARISONS 

The primary aim of this section of research was develop a method for producing 3D 

nasal shaped scaffolds from POSS PCU. It is important to note that this is the one of 

the most complex scaffold designs made using POSS PCU. Prior to this research the 

main 3D objects to be fabricated were cylindrical tubes for engineering bypass 

grafts. The author is also not aware of any published research on engineering whole 

3D nasal scaffolds using biomaterials for tissue engineering. 

When evaluating the efficacy of the method it was of course important to assess 

the anatomical likeness of the construct to normal human nasal anatomy. Below [fig 

6.9] a simple comparison has been made between the nasal scaffolds and a diagram 

of the human nasal skeleton. It is clear that the construct has taken on a identifiable 

3D nasal shape with regions that could arbitrarily be divided to represent the 

cartilaginous regions of the anterior nose.  

 

Fig 6.9 Anatomical comparison. The figure in the left of the image is a POSS PCU 

nasal construct. The figure on the right of the image is a diagrammatic 

representation of the anterior nasal skeleton, depicting the cartilaginous regions 
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that make up the anterior nose. Arrows have been drawn to indicate the 

corresponding regions on the POSS PCU construct.  

The major anatomical limitation to the method is that the moulding technique does 

not take into account the bulk/depth of overlying skin and subcutaneous tissues. 

This would detrimentally effect reconstructions were the size of the nose would be 

overcompensated and too large for the face resulting in a poor cosmetic outcome. 

Research has shown that is far better for the perception of facial attractiveness to 

have a to small nose as opposed to a too large nose (Farkas, Tompson, Phillips, 

Katic, & Cornfoot 1999;Farkas, Katic, & Forrest 2007;Farkas, Kolar, & Munro 1986). 

Admittedly this wasn’t taken into account in the development of this method, but 

the genius of this lies in the fact that the mould upon which the scaffold is based 

can be manufactured to any size. The dimensions can be specified by the surgeon, 

taking into consideration the patients nose prior to surgery, the reconstructive aims 

and perhaps in the future the personal cosmetic aims of the patient. Subtractions 

can be made to account for overlying tissue bulk. Even with this method, implants 

could be made for partial/hemi nasal reconstructions to fit in tissue existing at the 

defect site. Post-coagulation modification of the scaffold is also an option; much like 

the process of fine tweaking and shaping that occurs with harvested cartilage in 

traditional nasal reconstructions.  

6.3.5. CONCLUSION 

The first aims of this investigation were to find some way of producing scaffolds 

that to the lay man would look like a nose. The pursuit was largely driven by the 

aesthetic portion with the view that the principal function of the nose aside from 

smell is largely aesthetic or this is perhaps the most important feature lost to 

patients who undergo complete rhinectomy.  

The best method for producing the nasal scaffolds was via glass moulds, harnessing 

the skills of an expert glass artist. The glassblower enabled some precision in a 

material perfectly suited to coagulation (inert, can be cleaned, can see the 

coagulation happen through the material, reusable and relatively precise). The 
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constructs produced using this method had good shape and size according to 

qualitative and quantitative evaluation, as well as mechanical properties that render 

the need for a septum obsolete. Perhaps what is most excellent about this process 

is that it allows a level of tailor-making and bespoke manufacture to be introduced 

into the process, to ensure the patient really does get what is best for them. In mass 

markets, most of the objects we purchase are mass produced with a great many 

people serving as the target. One size fits all and rigid clothes sizing have quenched 

the uniqueness and specialness of the bespoke and handmade. This process retains 

that and may perhaps be crucial to its success in improving the lives of patients 

devastated by nasal deformity and disease.  
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6.4. AIM 2: BIOREACTOR CULTURE OF NOSE SCAFFOLD 

6.4.1. BACKGROUND 

Bioreactors are devices in which biological and/or biochemical processes develop 

under controlled and monitored environmental and operating conditions. It is the 

exceptional control over environmental conditions that makes bioreactor use 

particularly pertinent in tissue engineering research where specific factors need to 

be controlled in order to optimise tissue growth (Moreira-Teixeira, Georgi, Leijten, 

Wu, & Karperien 2011;Vunjak-Novakovic, Martin, Obradovic, Treppo, Grodzinsky, 

Langer, & Freed 1999). Bioreactors can maintain physiological boundaries at desired 

levels, enhance nutrient and waste transport rates, and provide specific stimuli to 

promote optimum growth (Vunjak-Novakovic, Obradovic, Martin, & Freed 2002a).  .  

In this investigation, the primary function of the bioreactor was to provide a sterile 

chamber in which the 3D nose could be cultured for period of time. The key 

characteristics off the bioreactor are listed below:  

1. Sterile: made of a material that can be autoclaved before culture 

2. Clear: made of a clear material that would allow visualization of the construct 

during the culture 

3. Allow the suspension of the nose within its chamber 

4. Large enough to contain the nose and a large volume of liquid (300-500ml) 

5. Sealable to maintain the sterility of the contents within the chamber 

6. 4 Ports, to allow outlet and inlet of media and gases.  

7. Able to withstand being in a humidified incubator for long periods of time 

8. Made of a material that is not cytotoxic 

9. Able to maintain the temperature of its contents 

10. Inert/un-reactive 

 

These criteria guided the design and development of the CNRM bioreactor that was 

used during the course of the investigations. The CNRM bioreactor is made of 
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borosilicate glass, found in most medical and scientific glassware. There are two 

parts to the chamber, a 500ml flange bowl with a flange lid with 4 ports.   
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6.4.2. MATERIALS AND METHODS 

A number of the methods used in the following investigation have been described 

in detail in Chapter 3: Materials and Methods. Where this is the case the relevant 

section and page number have been indicated. Otherwise, methods specific to this 

investigation have been described.  

Described elsewhere:  

- Polymer Synthesis 

- Nasal scaffold manufacture (chapter 6, Aim 1) 

- Alamar Blue® 

- Picogreen™ 

- Hoechst DNA staining 

- Mechanical testing 

 

6.4.2.1. Bioreactor assembly and preparation 

Overleaf is an image of the bioreactor developed for the culture of the nose scaffold 

[fig 6.9]. All pieces of the bioreactor were autoclaved in autoclavable bags taped 

with autoclave tape. After autoclaving, the bags (with components inside) were 

sprayed with 70% ethanol (kill bacteria and fungi from handling) and transferred 

into the sterile flow hood. The pieces were removed and assembled to resemble the 

images in fig6.10A. The nose construct was suspended prior to seeding on the 

stainless steel rod using a sterile suture which looped through the top of the 

construct to through a hole at the bottom of the rod. The chamber was filled with 

200ml of supplemented media ready to receive the nose after seeding (total volume 

500ml). 
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Fig 6.10 Image and diagrammatic representation of the bioreactor culture of the 

nose constructs. (A) Photograph of bioreactor in laminar flow hood before being 

placed into the incubator. (B) Diagram of culture device.     

6.4.2.2. Scaffold culture 

The nose was seeded much like methods described in chapter 3. An application of 

the cell aliquot was made all over the surface of the construct, ensuring that the 

whole construct was filled with the cell suspension. Cells were seeded at a density 

of 2.5 x104/cm3. The seeded nose, suspended on the stainless steel rod was passed 

through the stirrer gland and placed into the chamber. After the chamber was 

sealed, and additional 300ml of supplemented media was added to the chamber 

through a port on the flange lid, using a sterile pipette. All ports were sealed with 

glass bungs barring 2. One through which the nose was suspended on the rod, and 

the other sealed with silicon tubing and a 0.2µm sterile filter for gaseous exchange. 

A scaffold culture of a construct with no cells was also performed in tandem to 

serve as a –ve control. 
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6.4.2.3. Scaffold sampling post incubation 

5mm punch biopsies were taken from the scaffold for testing at the respective time 

points. The results have been modified to reflect an area of 1cm3 for easier 

comparison between the data.   
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6.4.3. RESULTS & DISCUSSION 

6.4.3.1. Cell viability 

There is a significant rise in the viability of the chondrocytes from day 0 to day 28. 

Culturing the bioreactor enabled a long period of culture up until day 28. The 

chamber kept the content sterile and equilibrium temperature and pH, which was 

evidenced by the steady growth pattern [fig 6.11]. It was clear that the viability 

reading could only be attributed to the cells, as culturing without the cells produced 

insignificant readings. This to was evidence that the contents were kept free of 

infective agents which would have produced +ve results on the cell viability assay.  

 

Fig 6.11 Cell viability of bioreactor incubation. The difference between POSS PCU 

with cells and the no cell control was extremely significant at day 7, 14, 21 and 28, 

p<0.001.n=4    

6.4.3.2. Cell proliferation 

The number of cells found on the construct increased with time, in line with the 

increase in viability data. The results at day 14 and 28 were considered to be very 

significant. Cells increased 4-fold from the initial seeding density with no sign of 

stopping by day 28.   This does suggest that there is room to increase the seeding 
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density considering the construct thickness would dramatically increase the surface 

area for adhesion of chondrocytes. At some point, ECM deposition, cell and 

maturation should be the main cell behaviour above proliferation, and increasing 

the seeding density may allow the cells to reach this stage earlier on in culture.  

 

 

Fig 6.12 Graph of cell proliferation. There was a significant difference in the no. of 

cells found on the scaffolds at day 14 and 28. ** p<0.01,*** p<0.001. n=4   

6.4.4. CONCLUSION 

The CNRM bioreactor was able to support the growth of chondrocytes on the nasal 

construct, prevent infection and maintain an suitable physiological equilibrium 

allow for optimal cell growth 
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7.1. PREFACE  

Engineering bespoke tissues for patients has the potential to minimize the need for 

donor tissue transplantation, simplify the surgery, and as a result, improve clinical 

outcome. This is no more evident than in a compassionate case that was presented 

to our team of a 59-yr old gentleman (Mr N) who had a complete rhinectomy, a 

direct result of skin cancer that had invaded his nose. Having undergone extensive 

radiotherapy he was found to be unsuitable for traditional surgical reconstructions, 

and he also refused to wear a prosthesis, stating that he felt it too ‘plastic/fake’. 

Therefore our team was asked to produce a tissue engineered construct that could 

be used to reconstruct his nose. We aimed to apply the paradigm of tissue 

engineering to nasal reconstruction, developing a unique, novel and pioneering 

method for manufacturing a POSS PCU nasal scaffold for use in a total nasal 

reconstructive of human being. 

 

Fig 7.1 With and without the anterior nose. With the clinical details of the case 

being bound by an embargo actually clinical images were not included in this thesis. 

However this figure aims to demonstrate anatomically the defect that Mr N had 

after his surgery. The figure on the right represents normal human nasal anatomy 

with the anterior nasal cartilages and more posterior nasal bone. The figure on the 

left shows the loss Mr N had suffered with the entire anterior portion of his nose 

having been removed down onto nasal bone cranially and maxilla laterally. There 

was also no nasal septum left in situ.  
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7.2. SECTIONS 

Part 1- The Briefing 

Part 2- Process Development and Validation 

Part 3- Progress to date  
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7.3. PART 1- THE BRIEFING 

7.3.1. THE CASE HISTORY 

The patient (Mr N) is a 59 year old Caucasian male who was diagnosed with 

squamous cell carcinoma of the anterior left nasal septum. He underwent 

concurrent chemo and radiotherapy in 2007. In 2009 the lesion reoccurred in the 

columellar of his nose and the pre-maxillary area of his face and so a total 

rhinectomy with frozen section margin control was performed. Since November 

2009 the patient has been disease free. The option of a traditional nasal 

reconstruction using harvested autologous tissue was ruled out because of the 

extensive damage that had occurred to the defect site as a result of the 

radiotherapy and excessive tissue loss. The surgical team felt that surgical 

management would pose a high risk of failure because of the already very damaged 

tissue at the defect site. Because of the size of the reconstruction the amount of 

cartilage that would be needed to reconstruct the nose would be significant 

requiring a cartilage graft from the ribs. Mr N expressed deep concerns about this 

approach and refused to have surgery if it was to be performed this way. 

 Conventional prosthetic rehabilitation using an epithesis or implant-retained 

prosthetic was also considered. Mr N felt that the former produced a cosmetically 

unsuitable appearance and made his defect more obvious/unbearable. The surgical 

team felt the later would increase the risk of osteoradionecrosis considering the 

radiotherapy Mr N underwent to the defect site in 2007. Mr N emphatically refused 

to wear a prosthesis because he would feel unnatural and incomplete.   

Since 2009, Mr N has been in and out of work, most recently securing work as a 

lollipop man or in the manual labourer trade. Mr N wears a bandage over the defect 

on his face. He describes the impact of the defect on his life as devastating, making 

him increasingly withdrawn from social interaction as time goes by. He describes 

how he frequently scares the children whilst at work, and how he feels guilty for 

making people feel uncomfortable with the way he looks.  
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7.3.2. THE OPTIONS 

The human nose is a complex 3D organ that in the event of damage or disease can 

dramatically alter an individual’s profile. As a result, reconstructive surgery of the 

nose after extreme damage is a critical operation vital for restoring patients to 

normality. Surgical reconstruction of the whole nose is one of the oldest and most 

studied surgical procedures dating back to 300B.C. As described in chapter 2, 

cartilage from the costochondral region is harvested and used to provide a frame 

for the nose, whilst a local flap of tissue (from forehead or cheek) is transposed to 

cover the defect site. However, a number of problems, ranging from shortages in 

the amount of harvested tissue to donor site morbidity and infection, frequently 

hamper the outcomes of such reconstructions.  In the case of our patient Mr N, he 

had endured extensive radiotherapy to the defect which the surgical team 

managing his case felt to be too damaged to support a traditional nasal 

reconstruction. In cases where a surgical reconstruction is deemed unfeasible, a 

prosthetic nose can be offered to the patient. Fixation with titanium screws is 

problematic in defects sites that have been irradiated (prone to 

osteoradionecrosis), and attachment with adhesives is prone to infection. Studies 

have shown that difficulty in effective rehabilitation of this patient group can lead 

to them becoming depressed, withdrawn from society and suicidal (Andretto 

2007;Clarke & Butler 2004).  

In recent years the field of tissue engineering has opened up a wealth of 

opportunities to the dilemmas of the reconstructive surgeon (Oseni, Crowley, 

Lowdell, Birchall, Butler, & Seifalian 2011a). Major advancements in cell biology and 

scaffold technology have meant that the application of tissue engineering 

methodology to clinical problems is nigh. This is no more evident than in the 

compassionate clinical case of Mr N.  

In our lab a polymer known as POSS-PCU (Poly-oligomeric-silsesquioxane Poly-

carbonate urethane) was developed. Research on POSS-PCU has demonstrated that 

it has superior mechanical and biological properties owing to the POSS 
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nanostructure modification. The polymer supports the behaviour of various cell 

types from endothelial cells to fibroblasts, chondrocytes and mesenchymal stem 

cells (Ahmed et al. 2011;Ghanbari, Cousins, & Seifalian 2011a;Kannan, Salacinski, 

Edirisinghe, Hamilton, & Seifalian 2006;Oseni, Butler, & Seifalian 2012c;Punshon, 

Vara, Sales, Kidane, Salacinski, & Seifalian 2005c;Raghunath, Zhang, Edirisinghe, 

Darbyshire, Butler, & Seifalian 2009b), and has been applied to the engineering of 

various tissues, from nerve grafts, to blood vessels and skin. Our team was asked to 

engineer a nasal construct tailored to the gentlemen’s cosmesis, using our in house 

polymer system POSS-PCU. The construct would serve the function of the 

cartilaginous framework in the reconstruction, supporting overlying skin and 

maintaining the 3D nose shape.  

7.3.3. 1ST IN MAN POSS PCU CONSTRUCTS 

POSS PCU has been used in a number of compassionate cases as an implant with 

and without cellularization. Below is a table of the ‘1st in Man’ cases that have 

occurred using POSS PCU in various fabrications.  

Table 7.1 ‘1st in Man’ POSS PCU constructs 
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7.3.4. THE AIMS & OBJECTIVES 

Our aim is to use a bespoke cellularized POSS PCU nasal scaffold to restore a normal 

appearance and function to a patient with total nasal loss following treatment for 

cancer. The objectives are as follows: 

1) Use computer aided design and modelling (CAD/CAM) to generate a POSS 

PCU nasal scaffold that is as similar in size and shape and possible 

2) To seed the construct with a cellular material to improve degree of tissue 

biointegration. 

3) Implant the construct heterotopically in a subcutaneous pocket on the 

forearm, made using a custom-made tissue expander. 

4) Monitor the development of vascularity within the graft. 

5) Transfer construct orthotopically using microvascular surgery techniques. 

6) Perform additional staged procedures to open up the nostrils and revise the 

reconstruction if need be.  

 

7.3.5. THE PROJECT TEAM 

The team for this project was divided into two streams to work in tandem to reach 

the final goal of reconstruction for Mr N.  

1) Scientific Team: Headed by Professor Alexander Seifalian, Professor of 

nanotechnology and regenerative medicine at University College London 

(UCL), based at The Royal Free Hospital. This team was responsible for the 

development and manufacture of the tissue engineered implant to be used 

in the complex nasal reconstruction. 

2) Surgical Team: Headed by Mr Nicholas Kalavrezos, Consultant maxillofacial 

surgeon at University College Hospital (UCH) part of University College 

London Hospitals NHS Trust. This team was responsible for the surgical 

process and technique that would be used to implant the construct onto the 

patient’s face.   
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7.3.6. THE STRATEGY 

The first stage of the process was to develop a strategy for method development 

and process validation. This stage was crucial for organizing the R&D that would 

justify and support each method that was to be implemented in addition to 

highlighting areas where further R&D was needed.  The translation of bench top 

work into clinical application requires a more rigorous process of evaluation and 

engineering to ensure that the product is suitable for implantation into a human 

being.  

7.3.6.1. The Construct  

7.3.6.1.1. Cell Source/In vivo capacity  

The first decision to be made was regarding the type of cell that would be seeded 

onto the construct. As described in chapter 2 of this thesis, there are two main cell 

types of choice in tissue engineering. Mature chondrocytes or mesenchymal stem 

cells. In this case the decision was between whether to use mature adult 

chondrocytes to recellularize the construct, or harvest MSCs to do the same. 

Undeniably there are arguments for and against both options, some of which have 

been highlighted in the table below [table7.2].  

Table 7.2 Summary of the advantages/disadvantages of chondrocytes and MSCs 
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In light of the previously existing R&D the team discussed the options of using 

mature chondrocytes to recellularize the constructs. Long term this offered the 

opportunity to eventually lay down cartilage like ECM in the defect site, restoring 

the patient not just aesthetically and functionally but histologically. However the 

teams discussed whether enough cartilage could be harvested (c2-3cm3) from Mr 

N’s ear or costal cartilage to provide enough chondrocytes to keep passage number 

to a minimum. A major factor for consideration was that due to the past medical 

experiences of Mr N, he wanted to minimize damage to other areas of his body as 

much as possible.  

Preliminary experimental data had also been gathered on the cytocompatibility of 

undifferentiated MSCs on POSS PCU (discussed later in this chapter). The results 

were positive and engineered thinking that MSCs could be used to lay down ECM 

matrix on the scaffold, though not strictly cartilage, the scaffold itself more than 

compensated for the mechanical properties of nasal cartilage in addition to 

research that shows that MSCs promote healing and neovascularisation in the 

human body (Chen, Wong, & Gurtner 2012). The data included in this chapter 

provided part of the scientific impetus for the tracheal reconstruction case where a 

POSS PCU construct was seeded with undifferentiated MSCs and epithelial cells and 

implanted to save a patient’s life (Jungebluth, Alici, Baiguera, Le, Blomberg, Bozoky, 

Crowley, Einarsson, Grinnemo, Gudbjartsson, Le, Henriksson, Hermanson, Juto, 

Leidner, Lilja, Liska, Luedde, Lundin, Moll, Nilsson, Roderburg, Stromblad, Sutlu, 

Teixeira, Watz, Seifalian, & Macchiarini 2011a). The greatest uncertainty was in the 

fact that such a construct has never been implanted subcutaneously before or used 

to reconstruct such an obvious part of the human body. MSCs have however been 

investigated for their potential in cytotherapy wound repair where they were 

shown to contributed significantly to vasculogenesis and the expression of vascular 

markers (Chen, Wong, & Gurtner 2012). MSCs also have an immunomodulatory 

effect, dampening down specifically destructive immune responses whilst maintain 

a level of inflammation to encourage healing (Franquesa, Hoogduijn, Bestard, & 
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Grinyo 2012;Kuo, Chen, Goto, Huang, Wang, Tsai, & Chen 2012a;Kuo, Chen, Goto, 

Lin, Wei, & Chen 2012b). 

Additionally MSCs are readily available from a number of cell sources, the most 

researched being BMSCs. Established Good Manufacturing Practice (GMP) approved 

protocols for isolating BMSCs from bone marrow exist within the cellular 

therapeutics laboratories and the products have been extensively used as cellular 

medicines. Despite the existence of a good protocol for chondrocyte isolation and 

seeding onto polymer, it was felt that MSCs would pose the least risk to the patient 

during the manufacturing process as the handling of MSCs for such cases has been 

tried and tested. As a result, the team made a decision to use MSCs to recellularize 

the construct. 

 The next issue was centred on the need to differentiate the MSCs or not. There is a 

wealth of literature on protocols that have been developed to differentiate MSCs 

into chondrocytes. Ample numbers of MSCs could be harvested from the bone 

marrow and differentiated into chondrocytes keeping cell passage numbers low. 

However, in our lab, differentiates had not been optimized and is a method that 

takes many years to optimize. Additionally questions were raised about how would 

one be sure that chondrocytes were produced, do these cells have a greater 

tumorougenic potential post differentiation c.f. pre? What would the cost of 

differentiation be for a large population of cells to be used on process development 

and eventually cover the construct? How would these cells interact with the 

polymer? Do we really need the cells to turn into chondrocytes? 

Initial thinking, as far back as the beginning of this thesis had been to restore 

cartilage to aid the process of reconstructing the nose. R&D had enabled the 

development of a method for producing neo-cartilage tissue on a scaffold that 

could be implanted. In the truest sense of the term tissue engineering, the neo-

cartilage would go on to grow throughout the scaffold, eventually rendering the 

scaffold redundant. This being a process that has not as yet been proven in vitro 

could not be guaranteed to occur in vivo in Mr Ns case.  
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 Though cartilage made by differentiated chondrocytic MSCs would have been the 

ideal for providing nasal skeleton replacement, consideration was given to 

producing a scaffold with the mechanical strength to support the overlying skin. In 

this way, all that would be needed is a cellularized/biological layer on the scaffold to 

promote vascularization and overall healing in the defect site. The team felt that if 

the mechanical properties could be optimized enough, that the need for tissue 

would no longer be structural, just biological. MSCs are capable of secreting a 

variety of bioactive factors that promote healing and angiogenesis. The team felt 

that these would be most appropriate for providing the biological interface. 

7.3.6.1.2. Bone Marrow Harvest 

The MSCs were to be obtained from bone marrow trephine at the time of insertion 

of the tissue expander. In order to comply HTA licensing, the procurement of the 

bone marrow sample need to be performed by an experienced haematologists, 

registrar or consultant grade. 10mls of bone marrow aspirate were to be harvested 

according to the experience of staff who manufactures stem cell based products 

from bone marrow samples routinely (Dr Mark Lowdell’s group at the Paul 

O’Gorman Laboratory of Cellular Therapeutics, Royal Free Hospital). The samples 

were to packages by a member of the project team and transported to Royal Free 

Hospital for processing.  

7.3.6.2. Scaffold 

7.3.6.2.1. In vivo 

The biointegration of host vasculature into the scaffold is of paramount importance 

to the survival of the construct in vivo. This was a key reason for engineering a 

porous scaffold, that host tissue may find space in which to grow, thereby 

incorporating the scaffold into the body. In order to investigate whether this was 

likely, POSS PCU implants (manufactured using the same porosity (30:100) as other 

experiments) were implanted subcutaneously into the dorsum of a Sprague Dawley 

rat model for a period of 5 weeks. Two samples of POSS PCU were implanted [fig 

7.2]. The research was conducted as a very preliminary study into the ability of the 
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POSS PCU scaffold to integrate subcutaneously, a phenomenon which had not been 

investigated previously. The data is therefore limited, and part of an ongoing study 

with the department.  

 

 

 

Fig 7.2 Images of post-implantation of scaffold into dorsum of rat. A midline 

incision was used. The subcutaneous tissue was dissected until the muscular fascia 

(B). Pockets were created using a haemostat and the previously sterilized scaffolds 

implanted 5 mm either side of the dorsal midline (A).  

 

 

Fig 7.3 5 weeks post implantation. The image shows the scaffold in situ after 5 

weeks of implantation. There area is covered in healthy red looking vascular tissue.   
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Fig 7.4 Preliminary histology data. Samples were sent for special histology where a 

diamond knife was used to cut samples. The elastic nature of the polymer means 

that trying to cut slices using standard lab microtome results in shearing of the 

slices and poor histology staining. This contributed to the paucity of histology data 

available during the course of the investigation. Such histology data was very costly 

to gain and was saved for the in vivo study which is still in progress. Samples were 

like in half along the horizontal plane and paraffin embedded. Samples were stained 

with haematoxylin (B) and eosin (A). The slides clearly show evidence of tissue in-

growth into the scaffold pore matrix. The arrows Ai, ii and iii and bi denote areas of 

new blood vessel in-growth and vasculogenesis.  

 

This preliminary data provided some support for the hypothesis that the scaffold 

would integrate into subcutaneous tissue. Though the scientific team were 

confident that the construct would not cause adverse reactions in vivo (because of 

previously successful human cases), we were less sure about how it would fare 

underneath the skin as this had not been well trialled. Though this data is by no 

means complete, with the investigation still ongoing within the lab at the time of 

submission of this thesis, it provided some data to suggest that there was good 

reason to believe the construct would remain viable in Mr Ns forearm.  
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7.3.6.2.2. Manufacture 

Chapter 6 looked extensively at a method for produce nose shaped scaffolds using 

the POSS PCU polymer system. After much trial and error, the glass coagulation 

method appeared to produce the most morphologically faithful scaffolds, and had 

the ability to be applied clinically. The project team agreed that this would be the 

best method for producing the nasal constructs.  

To reconstruct Mr N’s nose specifically, a model of his former nose was needed. In 

order to do this CAD/CAM technology was utilised, where a 3D model of Mr N’s 

nose was fabricated from Computed Tomography (CT) images of his face prior to 

the total rhinectomy. The model was cut out of poly-urethane using computer 

controlled machinery.  

Custom-made glass moulds of the nose were manufactured. After trialling their 

ability to hold the nose form during coagulation, it was decided that these moulds 

would be using in the manufacture of Mr N’s nasal scaffold *fig7.2+.  

Fig 7.2 Instruments 

used to fabricate 

the POSS PCU 

nasal scaffolds. (A) 

Anterior view of 

the polyurethane 

model of the 

patients nose 

before the 

rhinectomy,. (B) 

Lateral view of the 

model nose. (C) 

Custom-made glass moulds fabricated using the model, or coagulating the POSS 

PCU scaffolds.    
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It is important to note that there are no reports of this kind of constructs having 

been developed for reconstructing the human nose. With this level of novel science, 

there is very little precedence from which to draw scientific inspiration. The teams 

worked very closely to ensure that the size and morphology of the construct was 

suited to Mr Ns cosmesis. It was felt that scaffold need to be optimized further to 

ensure good biointegration in the skin pocket. The surgical team felt that the three 

most important factors for the scaffold were as follows (in order of importance): 1) 

Optimum porosity to encourage thorough vascularization. 2) Light weight (no plans 

to suture the construct itself to the defect site as it is to be suspended in the skin 

pocket). 3) Pliable yet strong. 

In order to achieve these aims, a second layer of coagulated polymer was 

introduced with an average pore size of 400-900µm. This was to encourage 

infiltration of the micro capillaries and vessels. Through and through perforations 

were also made into the scaffold structure (3mm diameter) to encourage tissue and 

blood vessel in-growth from the skin covering both the inner and outer portion of 

the scaffold [fig7.3].  
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Fig 7.3 Stages of nasal scaffold fabrication. (A) Stage 1: initial coagulation of POSS 

PCU in glass mould. (B) Removal of the top layer of POSS PCU to ‘de-bulk’ to 

construct for re-coagulation. (C,D,E) Images of the scaffold after re-coagulation and 

perforation. (D) The back or internal portion of the scaffold.  

7.3.6.3. Nasal Construct Culture 

7.3.6.3.1. Good Manufacturing Practice 

The stem cell culture and construct manufacture are to be performed to Good 

Manufacturing Practice standards (GMP). The purpose of GMP is to have a code of 

practice for all tissue banks and laboratories involved in the production of products 

for human consumption. This ensures that products are manufactured in a safe 

environment and enables maintenance of reliable and reproducible product quality 

GMP guidelines provide a framework for building quality assurance.  

Because regenerative medicine is a relatively new field of medicine, the regulations 

regarding the manufacture of tissue engineered products for human use is still 

patchy. The ATMP (Advanced Therapeutic Medicinal Products) sect of the HTA is 

still developing directives regarding the safe manufacture of tissue engineered 

products. Therefore, after advice was sought from MHRA and HTA, it was felt that 

adhering to the GMP guidelines set out for the manufacture of cellular therapies 

would be sufficient to ensure the safe production of the nasal construct.  

It was imperative therefore that all those that would be involved in the 

manufacture of the nasal scaffold, would undergo formal GMP training. In addition 

a phase of process validation and engineering would also need to be undertaken to 

ensure that each component of the manufacturing process, from the construct to 

the equipment, would meet with GMP standards.  

7.3.6.3.2. Bioreactor 

All research and development studies about culturing a whole nasal scaffold had 

been performed in the bioreactor developed during the course of research 

described in this thesis (referred to as CNRM bioreactor).Although the bioreactor 

had been proven to be successful for producing a cellularized construct, there were 
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concerns about its suitability for use in GMP manufacture. The CNRM had not been 

validated for use in GMP manufacture, and therefore would pose a potential risk 

factor in the manufacturing process.  

The options at this point included going through a lengthy period of validation to 

optimize the bioreactor of use in GMP labs, or to use another bioreactor already 

approved for GMP use and optimize this for growing cells on scaffolds. After lengthy 

debate, the decision was taken to use a GMP approved C.E. marked bioreactor 

chamber and optimize it for culturing the nasal scaffold. The CNRM bioreactor was 

to be used as a control in all experimental set-ups and staged of process validation.  

7.3.6.4. The Surgery 

7.3.6.4.1. Tissue Expansion 

A custom made tissue-expander was commissioned and manufactured by a 

specialist medical technologies company and supplied by the surgical team. The 

dimensions of the expander were based on roughly the same blueprint dimensions 

to be used for the nasal scaffold, ensuring that the implant would occupy the same 

volume as the expander. Insertion of the expander would be into the non-dominant 

forearm skin (after Doppler ultrasound to check patency of the radial and ulnar 

vessels). The expander was to be left in situ for 2 weeks before the expansion 

process began. A total of 30ml of water was to be added to the expander as a rate 

of 1ml every 2-3 days.  

Fig 7.4 Diagrammatic images of the custom made 

tissue expander. All measurements are given in 

0.1 millimetres. (A) Dimensions of the expander. 

(B) Expander with the port tube that will be used 

to pass water into the expander.    
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7.3.6.4.2. Construct implantation 

After completion of the tissue expansion in the forearm, the expander will be 

removed and the fully prepared and cellularized nasal construct inserted into the 

pocket of skin created by the expander.  The construct will be isolated within the 

pocket of skin. The inner surface of the scaffold will be lined by mobilisation of the 

ulnar aspect of the volar surface of the forearm skin. Therefore the entire construct 

will be covered by skin and it would remain in the 3D skin pocket until sufficient 

integration of the skin into the construct had occurred by way of vascular 

infiltration and tissue adherence.  

7.3.6.5. Construct/graft monitoring 

It was decided that the graft will be monitored using laser Doppler fluxmetry (LDF) 

which is an incredibly sensitive method of examination where the movement of 

cells occurs within the peripheral circulation and microcirculations (Schabauer & 

Rooke 1994). This is to be used in conjunction with traditional duplex Doppler to 

determine the vascularity and viability of the graft. Subtraction angiography under 

the guise of an experienced consultant radiologist will be performed monthly to 

assess the graft and the point at which it reaches optimum vascularity for transfer 

to the face.  

7.3.6.6. Free tissue transfer to face 

After complete integration of the construct, the ‘double layered radial forearm flap’ 

containing the construct will be harvested. This will be performed in a manner 

similar to a fasciocutaneous radial forearm free flap. The flap will be transferred to 

the defect site that had been previously prepared. Vascular anastomoses would be 

carried out in the neck after the necessary neck dissection and vessel harvesting.  

7.3.6.7. Follow-up 

The patient is to be followed up weekly for one month and then monthly for an 

additional 6 months. Follow-up will include an assessment of clinical signs and 

symptoms, and graft blood flow. If viable and clinically acceptable at 3-six months 
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post-op another small operation to open up the nostrils will be undertaken. If 

possible at the time of this operation, small tissue/construct biopsies can also be 

taken and analysed for tissue growth and vascularization using histology and 

fluorescent nuclear staining.  

7.3.7. THE ETHICS 

The construct is to be prepared under a Specials License in our fully 

MHRA/HTA/EMEA (Medicine and Healthcare products Regulatory Agency/ The 

Human Tissue Authority/European Medicines Agency) compliant cell therapy 

laboratories at the Royal Free Hospital. The MHRA (specific contact, Ian Rees) were 

contacted and were satisfied that the case in question satisfies criteria to be classed 

as a clinical compassionate procedure and does not constitute research. Official 

permission to perform the reconstruction was obtained from the relevant Qualified 

Person in formal correspondence. The Local Clinical Ethics Committee of University 

College London Hospitals NHS Foundation Trust was also consulted, and approval 

obtained from the chairman Professor David Katz. Additionally, approval was 

granted by Miss Emma Morris on behalf of the Research and Development 

Directorate.  

It was also agreed, subject to consultation with Professor John Wyatt, Professor of 

Ethics at UCL, that an independent psychologist will witness the consenting process. 

A dedicated consent form for the process was also drawn up for signing in addition 

to the traditional clinical consent form.  
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7.4. PART 2- PROCESS DEVELOPMENT & VALIDATION 

CYTOCOMPATIBILITY OF MSC ON POSS PCU SCAFFOLDS 

7.4.1. BACKGROUND 

Stem cells are known largely for their capacity to self-renew and differentiate into 

specialized cell types. Mesenchymal Stem Cells (MSCs) are no different with an 

excellent capacity for proliferation and expansion, and the ability to undergo 

osteoblastic, adipocytic and chondrogenic differentiation . MSCs were initially 

thought to originate only from the bone marrow, but subsequent research has 

shown that they can be found in any vascularized organ or tissue (Augello & De 

2010;Levi & Longaker 2011;Tallone et al. 2011;Vemuri, Chase, & Rao 2011) . 

Undifferentiated MSCs are a particularly exciting for clinical applications because 

they are capable of secreting various bioactive factors that promote angiogenesis, 

chemotaxis and reduce scar formation. In addition MSCs have been shown to be 

anti-apoptotic and immunomodulatory, further improve the process of healing at 

defect sites (4). Every year the number of clinical trials involving the use of MSCs 

increases. There are more than 140 trials for MSC treatment in different diseases, 

currently being funded by the NIH (National Institute for Health, ClinicalTrials.gov). 

It is because of these healing properties and the ability to expand ex vivo, that the 

project team felt that to trial the new POSS PCU nasal scaffold technology MSC 

cellularization would be the most suitable starting point.   

There is a large amount of published data on the cytocompatibility of POSS PCU, 

many of which have been referenced during the course of this thesis. The 

cytocompatibility of POSS PCU for supporting chondrocyte growth has been studied 

extensively in this investigation, and the same principles have been used to 

establish the best method for growing MSCs on the polymer also(Kim, Mauck, & 

Burdick 2011;Zippel, Schulze, & Tobiasch 2010).  

There is published (and unpublished lab data) research to show that MSCs adhere 

to and grow on POSS PCU polymer (Jungebluth, Alici, Baiguera, Le, Blomberg, 
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Bozoky, Crowley, Einarsson, Grinnemo, Gudbjartsson, Le, Henriksson, Hermanson, 

Juto, Leidner, Lilja, Liska, Luedde, Lundin, Moll, Nilsson, Roderburg, Stromblad, 

Sutlu, Teixeira, Watz, Seifalian, & Macchiarini 2011a), however, the team felt it 

necessary to re-establish this fact as part of the process validation for the nasal 

scaffold. In addition experiments were also conducted to optimize the scaffold 

porosity. Cell viability and proliferation data were collected on the growth of MSCs 

on unmodified POSS PCU, followed by similar assays being performed on scaffolds 

modified structurally in terms of porosity. 3 porous fabrications which were the 

best performing scaffolds of the chondrocyte investigations were used to 

investigate MSC response to porosity.  

7.4.2. MATERIALS AND METHODS 

A number of the methods used in the following investigation have been described 

in detail in Chapter 3: Materials and Methods. Methods otherwise specific to this 

investigation have been described.  

1. BMSC culture  

2. POSS PCU synthesis 

3. Scaffold fabrication  

4. Scaffold seeding  

5. Alamar Blue® 

6. Picogreen™  

7. Hoechst DNA stains  

 

7.4.3. RESULTS 

7.4.3.1. Cell Viability 

Standard protocols were used to investigate the cytocompatibility of POSS PCU for 

growing human BMSCs. BMSCs were cultured for 18 days on unmodified POSS PCU 

scaffolds. Controls of universal tissue culture plastic (TCP) and PCU were used to 

compare the effect of the nanocomposite scaffold on cell growth. In addition, the 
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effect of porous modifications was investigated in tandem, to elucidate whether the 

BMSCs would respond in a manner similar to the ovine nasoseptal chondrocytes.  

Two-way ANOVA statistical analysis of the results shows that the scaffold type as 

well as the duration of incubation has a significant effect on the viability results 

(p<0.0001) [fig 7.5]. The viability increased in all groups up until day 14. Only BMSCs 

grown on 30:100 POSS PCU continued to increase in viability up until day 18. This 

mirrors results seen when chondrocytes are grown on these scaffolds. Universal TCP 

had better viability overall throughout the culture period however, but suffered a 

similar fall in viability by day 18.  30:100 POSS PCU was significantly greater than 

POSS PCU and PCU at day 10, 14 and 18 (p<0.001, day10, 14 and p<0.0001, day 18).  

 

Fig7.5 A graph showing the viability of human BMSCs grown on various scaffolds 

over an 18 day culture period. The cells were seeded at an initial density of 5 x 104 

cells/scaffold (2.5 x 104 cells/cm3). Overall the effect of scaffold on cell viability was 

considered to very significant, p<0.0001. By day 18, POSS PCU viability on POSS PCU 

was significantly greater than on PCU (p<0.001) and 30:100 POSS PCU was 

significantly greater than all scaffolds barring TCP (p<0.001). Data are shown as 

means.  
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7.4.3.2. Cell Proliferation 

Cell proliferation data is presented as emission instead of number of cells, in the 

absence of a statistically significant concentration curve specifically for BMSCs 

[fig7.6]. The fluorescence reading for a sample of 50,000 cells is presented on the 

graph however, so comparison can be made between the result at the end of the 

culture period and the initial seeding density. The finial amounts in all samples were 

significantly higher in all samples when compared with the initial seeding density 

(p<0.001). This thereby evidences a level of proliferation during the 18 day culture 

period. There was no significant difference between the readings for TCP, 30:100 

POSS PCU and unmodified POSS PCU (p>0.05).  

 

Fig 7.6 A graph showing data for Picogreen quantification of DNA. The Picogreen 

result for 5 x 104 BMSCs (without seeding) is shown so that inferences can be drawn 

on increase in total DNA from the initial seeding. The amount of DNA on POSS PCU 
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was significantly greater than the initial seeding density (*** p<0.0001). There was 

no significant difference between TCP and POSS PCU and 30:100 POSS PCU, p>0.05. 

Data are shown as mean ± SD.  

 

7.4.3.3. Hoescht DNA stain 

 

Fig 7.7 Hoechst DNA stain of human BMSCs seeded and cultured on 30:100 POSS 

PCU scaffolds. The images were taken using the Nuance multispectral imaging 

system. The images were taken immediately after removal from culture and the 

rounded, smooth shape of the nuclei of these cells suggests that there were alive at 

the point of imaging. The images have been displayed in full colour signal and 
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monochrome, to aid the reader in visualizing the cell nuclei away from the 

background signal coming from the polymer. Images A (Aa) and B (Bb) were taken 

using x20 magnification on the confocal microscope. A and B represent to separate 

areas on the same scaffold. 

7.4.4. DISCUSSION 

As expected from previously published data and unpublished research data from 

the laboratory, the data shows that POSS PCU is able to support the growth and 

proliferation of human BMSCs in vitro. The data suggests that over an 18 day 

culture period, human BMSCs can be expected to increase in number over the 

surface of the scaffold and have good viability. The optimum scaffold preparation 

for growing MSCs on POSS PCU was 30:100, with a growth pattern similar to the 

chondrocyte growth pattern observed in chapter 5 being evidenced. The culture 

was able to continue for and extra 4 days suggesting the scaffolds surface area was 

apt for continued cell proliferation and minimal cell death.  

7.4.5. CONCLUSION 

POSS PCU is able to support the growth of human BMSCs in vitro, and the optimum 

scaffold fabrication of POSS PCU is 30:100 (30% Na2CO3 of 100µm diameter). 
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SEEDING DENSITY STUDY 

7.4.6. BACKGROUND 

In order to optimize the growth of MSCs on POSS PCU, the initial seeding density 

specific to these cells needed to be determined. If too few cells are added to the 

scaffold, it can result in poor growth or even cell death due to the lack of inter-

cellular signalling and cues. Similarly if too many cells are added, it can cause cell 

death as a result of poor matrix-cell adhesion, and competition for nutrient, and 

space. If the initial cell death after seeding is high, this can cause imbalance in the 

pH of the culture environment causing further cell death.  

Firstly the optimum seeding density was investigated on 30:100 POSS PCU scaffolds 

in 24 well plates. Cells were seeded at 1 x104, 5 x 104, 1 x 105,5 x 105 and 1 x106 per 

scaffold (2cm3). Cell viability over a short 7 day culture period was assessed. After 

this the experiment was moved into the bioreactor chamber to establish whether 

the MSCs growth on the scaffold could be supported in the CNRM chamber. The 

larger volumes of media have the potential to create slightly more hypoxic 

environments, especially in static culture and it was important to evaluate whether 

MSC growth would be detrimentally affected. Growth of the MSCs in the bioreactor 

was compared with growth in a 24 well plate (-ve control). In order to gather more 

information on the seeding densities, the two highest densities from the first 

experiment were seeded into the bioreactor along with a third (even higher- 2 x 

106) to see that the growth curves would hold in the larger volume bioreactor set-

up [fig 7.8].   
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Fig 7.8 Image of CNRM bioreactor containing 30:100 POSS PCU scaffold disks, for 

testing. Experimental aims A) Optimum BMSC seeding density and (B) ability of the 

bioreactor to serve as a culture vessel for BMSCs, especially when MSCs are 

submerged in large volume of media (potential for reduced gaseous exchange). 
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7.4.7. MATERIALS AND METHODS 

A number of the methods used in the following investigation have been described 

in detail in Chapter 3: Materials and Methods. Otherwise, methods specific to this 

investigation have been described.  

1. BMSC culture  

2. Scaffold fabrication  

3. Scaffolds seeding  

4. Alamar Blue  

5. Picogreen  

6. Hoechst DNA stains  

7. Bioreactor culture (chapter 6) 

 
7.4.8. RESULTS & DISCUSSION 

7.4.8.1. Optimum seeding density 

There was a significant increase in viability in all sample groups from day 7 to day 

14. There was no significant difference between culture in a bioreactor and 24 well 

plate, p<0.05. There was a significant increase in the cell viability with an increase in 

seeding density, p<0.05 indicating a maintenance of higher cell number on the 

scaffolds even when the loading amount is increased. This was the case all the way 

to 1 x 106 cells, and there was no evidence of the higher cell number actually 

increasing the amount of cell death at least in the early stages of culture [fig7.9 

PTO]. 
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Fig 7.9 Cell viability study to optimize the seeding density of human BMSCs on 

30:100 POSS PCU scaffolds.  Cells were culture for a period of 7 day in total and 5 

different seeding densities. The effect of seeding density on the overall viability of 

cells was considered statistically significant p<0.0001. 5x105 and 1x106 had the 

greatest viabilities at all time points (p<0.0001). There was no significant difference 

between these two densities. Data are shown as mean ± SD  

7.4.8.2. Bioreactor culture of MSCs 

Increasing the seeding density to 2 x 106 cells did not significantly increase the 

viability or proliferation of the MSCs after 7 and 14 days in culture. This would 

suggest that a large proportion of cells added to the 2 x 106 samples died early on in 

the culture, with perhaps too many cell hindering adequate cell adhesion. There 

was also no significant difference in the results when comparing cells seeded in the 

24 well plate and the Bioreactor. Both increased in viability and cell DNA from day 7 

to 14,p<0.05, however statistical analysis showed that there was no significant 

difference between the culture environment on each day. It does appear however, 

that cells grown in on a 24 well plate did slightly better earlier in the culture (day 7) 

when c.f. the bioreactor. Conversely the bioreactor did better at a later stage (day 

14). This trend is not considered significant but could suggest that the larger volume 
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of media and nutrients in the bioreactor is able to promote a faster growth than in 

the 24 well plate [fig 7.10 & 7.11].  

 

Fig 7.10 Effectiveness of bioreactor culture compared with culture in a universal 

24 well plate. There was a significant increase in viability in all sample groups from 

day 7 to day 14. There was no significant difference between culture in a bioreactor 

and 24 well plate, p>0.05. There was no significant increase in the cell viability with 

an increase in seeding density, p>0.05.  Data are shown as mean ± SD. 

Fig 7.11 A graph of 

the effect of culture 

environment of cell 

proliferation. Data 

are shown as mean 

± SD.  
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7.4.9. CONCLUSION 

Increasing the seeding density more than 1x106 per scaffold (5 x105/cm3) does not 

significantly increase the viability or proliferation of the cells over a 14 day culture 

period. The CNRM bioreactor is just as adequate for culture BMSCs on the POSS 

PCU scaffolds as universal 24 well plates.  
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BIOREACTOR TISSUE CULTURE VALIDATION 

 

7.4.10. BACKGROUND 

The section describes the comparison study of the CNRM bioreactor and the Ricordi 

chamber. The Ricordi chamber is a GMP approved chamber used in the process of 

islet cells for pancreatic islet cell transplantation [fig 7.12].  In this study the CNRM 

bioreactor was used as a control or benchmark for nasal scaffold culture as the 

process had been conducted in the chamber on numerous occasions and had been 

found to be successful [7.13].  

Fig 7.12 The Ricordi Chamber. GMP validated bioreactor developed for the isolation 

of islet cells from the human pancreas in islet cell transplantations. The chamber is 

made of a amber colored poly-urethane material with stainless steel inlets and 

outlets. It is also fully autoclavable.  
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7.4.11. MATERIALS AND METHODS 

A number of the methods used in the following investigation have been described 

in detail in Chapter 3: Materials and Methods. Otherwise, methods specific to this 

investigation have been described.  

1. BMSC culture  

2. Scaffold fabrication  

3. Scaffolds seeding  

4. Alamar Blue  

5. Picogreen  

6. Hoechst DNA stains  

 

7.4.11.1. Sampling for assays 

5mm punch biopsies were taken, using sterile clinical grade punch biopsy 

equipment. The biopsies were taken from the nose scaffolds at the end of the 

culture period and used immediately for the assays. The results were multiplied to 

reflect the size of the scaffold discs used throughout the course of the experiments. 

This was done for easier comparison and understanding of the data.  

 

Fig 7.13 Bioreactor comparison study. Both bioreactors were placed inside the 

same humidified incubator (37.5°C, 5% CO2). The Ricordi chamber is to the left of 

the image and the CNRM bioreactor to the right. Both bioreactors have been filled 

with equal volumes of supplemented media (400ml). 
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7.4.12. RESULTS AND DISCUSSION 

7.4.12.1. Cell Growth 

When comparing cell viability and cell proliferation at day 14 of BMSCs grown on 

scaffolds in the CNRM bioreactor and the Ricordi chamber, there is no significant 

difference in the results. This suggests that these changes in the culture 

environment have little impact in the growth of stem cells and the micro-

environment they inhabit on the scaffolds.  

 

Fig 7.14 Cell viability and proliferation data of a study comparing bioreactor 

efficiency.  There was no significant difference in the means of each experiment, 

p>0.05. This experiment was conducted twice with 4 samples taken from each nose 

for analysis giving a total n=8 for each sample group. Data are shown as mean ±  SD.  
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7.4.12.2. BMSC on POSS PCU Scaffold imaging 

Dense confluent layers of MSCs can be seen over the surface of the scaffolds. The 

2D nature of the images does not truly reflect the multi layer nature of the scaffolds 

with cells seated on top of the pores and deeper within, hence the large amount of 

background that can be seen on some of the images.  

 

Fig 7.15 Hoechst  DNA labelling of MSCs cultured on 30:100 POSS PCU scaffolds. 

Images A and B were taken using x20 magnification. Images C and D were taken 

using x40 magnification. (A &C) Samples taken from the nasal construct cultured in 

the CNRM bioreactor. (B & D) Samples taken from the construct cultured in the 

Ricordi chamber.  

7.4.13. CONCLUSION 

The Ricordi chamber can be used to successfully culture human BMSCs on POSS 

PCU nasal scaffolds. 
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7.5. PART 3- SUMMARY OF PROGRESS TO DATE 

The bone marrow harvest was obtained from Mr N in April 2012, just before the 

operation to implant the expander was performed at UCLH. The MSCs have since 

been isolated and passaged ready for seeding onto the construct in due time. The 

expander is in place on Mr Ns forearm and at the time of print of this thesis had 

been expanded by 50%. Experiments to develop the process are ongoing, with trial 

runs of the seeding process and culture being undertaken at the time of print of this 

thesis. The construct is due for implantation in November 2012.  
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Summary & Future Perspectives 
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The future of tissue engineered body parts for restoring form and function to 

damage areas of the human body holds great promise for modern reconstructive 

surgery. Total nasal reconstruction is a particularly challenging surgery requiring the 

utmost skill and expertise to achieve even a modest clinical outcome. The surgery 

itself has gone through many revisions over the decades with different cartilage 

grafts and skin flaps combined to produce better functional and aesthetic results 

(Chang, Becker, & Park 2004). However, it remains a long and complicated process, 

involving donor site morbidities and multiple surgeries, each associated with 

various risks such as infection.  

With the advent of regenerative medicine and further still tissue engineering 

methodology, another option is being presented to the armoury of a reconstructive 

surgeon. Namely tissue engineered constructs. Adequate amounts of cartilage are 

crucial to the success of nasal reconstructions. Without suitable cartilaginous 

support, there is no frame or skeleton upon which to anchor the other components 

of the reconstruction. The ability to engineer in vitro, functionally and or 

histologically cartilage-like scaffolds, could radically improve the clinical outcome of 

surgery in addition to the patient experience, by minimizing the amount of tissue 

that needs to be harvested and reducing the complexity of the surgery.   

CTE is one of the most researched areas of tissue engineering with 12% of search 

results on the topic of tissue engineering being related to cartilage (PubMed-NCBI). 

Unfortunately however, for a multitude of reasons, very little of this research has 

entered into clinical application. One of the great challenges to the clinical 

application of tissues engineered in vitro is the production constructs of a clinically 

relevant size. Research commonly stagnates at the formation of neo-tissues on the 

micro-scale with little plan for how the technology will evolve for use in vivo. The 

principal aim for the work described in this thesis, was to develop a cellularized 

scaffold that could effectively replace the function of cartilage in a total nasal 

reconstruction.  The experiments presented go through a series of stages to 1) 

evaluate the cytocompatibility and CTE potential of in-house polymer, POSS PCU, 2) 
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optimize the porosity of POSS PCU scaffolds to improve cell seeding, spreading and 

nutrient exchange, 3) evaluate the effect of flow perfusion as a method for 

enhancing cartilage ECM production, 4) develop and manufacture a nose shaped 

scaffold and lastly 5) develop and execute the process of translational medicine, 

where the R&D behind the tissue engineered nasal scaffold would be turned into a 

clinical reality.   

Prior to the commencement of tissue engineering studies, a method for the 

reproducible and efficient chondrocyte isolation was developed (Oseni, Butler, & 

Seifalian 2012a). Though there is published literature on the methods research 

groups use to isolate chondrocytes from various cartilage tissues, it is often lacking 

in detail and consistency. It was found that a simple one stage digestion using 0.2% 

Collagenase II for a period of 10 hours was sufficient to produce a maximum yield of 

healthy chondrocytes from nasoseptal cartilage. These results were supported by 

data recently published in literature, where results show that excessive collagenase 

exposure can decrease chondrocyte viability and activity (Yonenaga, Nishizawa, 

Fujihara, Asawa, Sanshiro, Nagata, Takato, & Hoshi 2010).  

From this point, the process of assessing the chondrogenic potential of POSS PCU 

began. Cell viability, cell apoptosis and cell function were all assessed in relation to 

POSS PCU scaffolds. The data demonstrated that POSS PCU was indeed compatible 

for chondrocyte growth, and perhaps better for growing chondrocytes that PCL, a 

polymer that has been used in CTE research for many years (Kim, Lee, & Im 

2010;Oseni, Butler, & Seifalian 2012c). Additionally, when the POSS nanofeatures 

were exaggerated to 6 and 8% of the POSS PCU mixture (normal is 2%), the added 

POSS appeared to improve the growth of the chondrocytes, allowing then continue 

growth until day 18 of the culture period. This phenomenon is buttressed by 

published reports about the effect of nano-modifications in improving cell 

attachment and proliferation. Increasing the density of nanoparticles increases the 

number binding sites for cell attachment using integrins (Arnold, Hirschfeld-

Warneken, Lohmuller, Heil, Blummel, Cavalcanti-Adam, Lopez-Garcia, Walther, 
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Kessler, Geiger, & Spatz 2008;Cavalcanti-Adam, Tomakidi, Bezler, & Spatz 

2005;Oseni, Butler, & Seifalian 2012c;Takagi & Springer 2002). 

Because the majority of pre-existing laboratory R&D, preclinical and clinical data on 

POSS PCU was geared towards the 2% POSS PCU fabrication (standard preparation), 

it was felt that despite the benefits of more POSS to chondrocyte viability, 2% POSS 

PCU would be used throughout the rest of the investigation. In order to reach a 

point where this scaffold system could be used in the near future, it was imperative 

to use a scaffold that already had an extensive background of preclinical and clinical 

data.  

Research has also shown that effective scaffolds need to be porous to allow 

adequate mass transport, cell growth and migration. The optimum percentage 

porosity and pore size were also investigated. For both the growth of chondrocytes 

and MSCs (established later in the thesis) the 30% 100µm fabrication of POSS PCU 

appeared to enable the best cell growth and adherence. Other fabrications were 

perhaps too small in size, limiting the 3D area for penetration into the construct and 

therefore better cell viability in addition to poorer mass transport (Soliman et al. 

2011). Large porosities perhaps had too little surface area for adhesion, resulting in 

very low initial seeding densities and large amounts of cell death (Grad, Zhou, 

Gogolewski, & Alini 2003;Melchels et al. 2010a;Melchels et al. 2010b;Melchels, 

Feijen, & Grijpma 2010). 

3D culturing of the constructs was then explored by looking at the effect of dynamic 

and static culture on the viability and functionality of both mature chondrocytes 

and stem cells. There is a plethora of research literature to suggest that 3D culture 

could be enhanced by mechanical forces. Forces could aid diffusion of nutrients into 

the centre of constructs, preventing a capsule of tissue being formed around the 

scaffold with exaggerated cell death in the core (Freed, Martin, & Vunjak-Novakovic 

1999;Vunjak-Novakovic, Martin, Obradovic, Treppo, Grodzinsky, Langer, & Freed 

1999). Shear stress and dynamic fluid flow are among the most heavily investigated 

factors for aiding chondrogenesis (Angele, Schumann, Angele, Kinner, Englert, 
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Hente, Fuchtmeier, Nerlich, Neumann, & Kujat 2004;Tarng, Casper, Fitzsimmons, 

Stone, Bekkers, An, Su, O'Driscoll, & Reinholz 2010;ves da Silva, Martins, Costa-

Pinto, Correlo, Sol, Bhattacharya, Faria, Reis, & Neves 2010) . It is thought that 

perfusing constructs with continuous flow during the culture time would improve 

mass transport in turn improving chondrocyte growth. Many groups have cultured 

in different chambers to create flow/perfusion through the construct during 

culture, and have produced a multitude of conflicting results as to the efficacy of 

such methods (Vunjak-Novakovic, Obradovic, Martin, & Freed 2002a;Vunjak-

Novakovic, Searby, De, & Freed 2002b). Much like the results of the study describe 

in this thesis, there are reports of decrease cell viability and ECM protein production 

with the introduction fluid flow when compared with static culture (Mizuno, 

Allemann, & Glowacki 2001). The reduced ECM has been explained as a factor of 

the reduced initial seeding density, due to poor adherence at the beginning of the 

culture and detachment during the culture as a result of the shear forces. This 

results a large number of cells in suspension and therefore more cell death (Vunjak-

Novakovic, Obradovic, Martin, & Freed 2002a).  

With this information to hand, the next stage was to develop a method for 

producing nasal scaffold with the POSS PCU material. The glass-coagulation method 

was developed and optimized later during translation to give a scaffold that will not 

only support cell growth, but also provide space for micro-vascular infiltration and 

tissue in growth. A chamber for culturing the scaffold was also developed that 

ensured the constructs were kept sterile and gassed during the course of the 

incubation. The principles of POSS PCU nasal scaffold culture that were developed 

during the R&D were then translated into GMP process development and 

validation. A process that was still ongoing at the time this thesis went to print.  

Though, this research has reached a stage of clinical application, it has by no means 

reached a stage of completion. A number of other studies still need to be conducted 

to expand and fortify the technology and its ability to be translated into clinical 

application.  
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Histologically, the cartilage produced on the POSS PCU scaffolds is still very 

immature. Though traditional histology staining was not performed on the 

scaffolds, the fluorescent data suggests a lack of cellular organization with 

chondrocyte being located in mature lacunae surrounded by dense ECM. Further 

studies with longer culture periods would need to be conducted to investigate the 

ability of the tissue produced to mature further. Additionally techniques for 

sectioning extremely visco-elastic materials such as POSS PCU need to be developed 

and optimized to aid histological analysis of the constructs.  

Purist tissue engineers also state that in order to truly replicate a tissue in vitro, the 

scaffold upon which it is grown needs to be biodegradable. Further research would 

involve using a biodegradable version of the POSS PCU polymer, looking at what 

effect it has on the cell growth and whether the rate of degradation could be 

optimally controlled to match with the rate of neo-cartilage production.  

In conclusion, POSS PCU served as cytocompatible and mechanically suitable 

material for the development and engineering of a nasal scaffold for total nasal 

reconstruction. The pending operation of Mr. N is evidence that there is room for 

tissue engineered substitutes in reconstructive surgery with the potential to be 

applied to other body parts apart from the human nose.   

 

  



 

- 240 - 
 

 
 
 
 
 
 
 
 
 
 

THE APPENDIX 
 

  



 

- 241 - 
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Oral Presentations 

Society for Academic and Surgical Research (SARS)  Jan 2011 

Royal College of Surgeons Ireland, Dublin, Republic of Ireland 

Abstract Title: Development and Characterisation of a Bioengineered Nose 

British Burns Association session (SARS)    Jan 2011 

Royal College of Surgeons Ireland, Dublin, Republic of Ireland 

Submission for Patey Prize 

Abstract Title: The chondrocyte response to surface topography in cartilage 

tissue engineering 

Pearce Gould visiting professor     Oct 2010 

University College London, London 

Submission for Charles Clarke Prize (special commendation from Professor 

David Neal, visiting professor of surgical oncology from University of Cambridge) 

Abstract Title: Regenerating the Human Nose   
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1. Oseni AO, Butler PE, Seifalian AM. Rapid Production of Autologous Fibrin 

Hydrogels for Cellular Encapsulation in Organ Regeneration. Methods in 

Molecular Biology. Humana Press, to be published in 2013. 

2. Oseni AO, Seifalian AM. Nanomedicine and the Development of 

Bioengineered Organs. Nanomedicine, Woodhead Publishing, to be 

published in 2013. 

3. Oseni AO, Crowley C, Boland MZ, Butler PE, Seifalian AM. Cartilage Tissue 

Engineering: The Application of Nanomaterials and Stem Cell Technology. 

Tissue Engineering for Tissue and Organ Regeneration. InTech, Published in 
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Reviews 

1. Oseni AO, Butler PE, Seifalian AM. Nasal Reconstruction using Tissue 

Engineered Constructs: An update. Annals of Plastic Surgery. to be published 

in 2013. 

2. Oseni A, Crowley C, Lowdell M, Birchall M, Butler PE, Seifalian AM. 

Advancing nasal reconstructive surgery: the application of tissue engineering 

technology. Journal of Tissue Engineering and Regenerative Medicine. 

Published in 2011 
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1. Oseni AO, Butler PE, Seifalian AM. Optimization of Chondrocyte Isolation and 

Characterization for Large Scale Cartilage Tissue Engineering. Journal of 

Surgical Research, to be published in 2013. 

2. Oseni AO. Butler PE, Seifalian AM. The application of POSS nanostructures in 

cartilage tissue engineering: the chondrocyte response to nanoscale 

geometry. Journal of Tissue Engineering and Regenerative Medicine, to be 

published in 2013. 
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