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ABSTRACT

Cartilage defects affect millions of people worldwide however current treatment options do
not provide the zonal organisation required to regenerate healthy hyaline cartilage. In
particular, the regeneration of high density ECM and cells is required to provide the articular
surface of the tissue. Developments in tissue scaffolds have typically focused on synthetic
polymers with low bioactivity due to their ease of processing. Here, the silica-gelatin sol-gel
hybrid system was further developed for 3D printing and electrospinning to generate a zonal,
bioactive scaffold. GPTMS, (3-glycidyloxypropyl)trimethoxysilane, was used to couple the
silicate network and gelatin molecules. A modified hybrid method was required to avoid rapid
gelation but retain high levels of crosslinking and sol-gel network condensation. To produce
the material, the gelatin and GPTMS were mixed for 3 h and 3D printed scaffolds were aged
for 1 week at room temperature. The hybrid composition most compatible with the 3D
printing process had a 78:22, gelatin to TEOS mass ratio, and C-factor of 500 (molar ratio of
GPTMS to gelatin). When 3D printing the gels, a minimum strut separation of 1 mm was
achievable. To dry the 3D printed scaffolds, freeze drying and critical point drying resulted in
very different structures. Freeze drying produced very thin, <40 pm struts, and large ~700 pm
channels. Critical point drying produced ~160 pm struts and ~200 pm channels which falls
within the range hypothesised to be suitable for cartilage regeneration. Electrospinning
required further adjustments to the hybrid method to improve the volatility of the solvent.
Conformable cotton wool-like fibres with ~1.5 pm diameter were achieved using a 70:30
gelatin to TEOS mass ratio. The C-factors used: 250, 500, and 750, resulted in increasing
silica network condensation: 64.3 %, 75.5 %, and 81.1 % respectively. To create the cotton
wool-like fibre structure, hybrid solutions with 60-80 cP viscosity were electrospun in 55 %
humidity and dried without contacting each other or the collector surface. Both 3D printed
and electrospun fibres showed promising dissolution results. The structures were maintained
as only ~3 % gelatin was released over a one month study (3D printed) and ~2 %gelatin over
a one week study (fibres). The silicon release was ~25 % of the silica content for 3D printed
scaffolds, and ~13 % for fibres (CF500 and CF750). The silica-gelatin hybrids were
biocompatible and provided native attachment sites for both osteoblasts and chondrocytes.
Over 28-days, chondrocytes appeared to regenerate uniform density hyaline cartilage

throughout the 3D printed scaffolds in vitro.



DECLARATIONS

Copyright Declaration

The copyright of this thesis rests with the author and is made available under a Creative
Commons Attribution Non-Commercial No Derivatives license. Researchers are free to copy,
distribute or transmit the thesis on the condition that they attribute it, that they do not use it
for commercial purposes and that they do not alter, transform or build upon it. For any reuse

or redistribution, researchers must make clear to others the license terms of this work.

Declaration of Originality

[ hereby certify that the work presented in this thesis is the result of my own investigations
carried out at Imperial College during the period October 2012- March 2016, except where

otherwise stated.
Maria Nelson

11/4/2016



ACKNOWLEDGEMENTS

The support and opportunities available during my PhD at Imperial has been incredible, and
the advice and help from experts in many different areas of science was invaluable. Firstly, I
would like to acknowledge the Engineering and Physical Science Research council for funding
this research and my PhD supervisor, Prof. Julian Jones for accepting me into his group. My
thanks go to Julian for his continuous support and for making confusing things simple.

Particular thanks for the record thesis turnaround — what a rock star!

I would like to thank all the professors and academics who I have been honoured to work
with; Prof. Peter Lee, for letting me loose on the beamline at Harwell; Prof. John Hanna and
Sam Page for their help with NMR; and last but not least, Prof. Kasuga, from NITech, Japan.
The opportunity to spend 3 months at NITech was fantastic for my research, but also an
amazing experience. Thanks to the whole Kagusa research group, particularly Akiko, Qunqun,

Susu and Yuki, for making me feel so welcome and being so efficient!

At Imperial, my PhD would not have been as enjoyable without the JR] crew. Louise and
Gowsh, thank you for welcoming me into the group and teaching me the ways of the sol-gel
hybrid. Siwei, you are my cell hero, it has been excellent working with you and I promise we
will publish soon. Amy, Sarah, Fra, Viv, Justin, conferences would have been boring without

you — I’m so happy we worked together. To everyone else, good luck, you can do it!

Finally, I would like to thank my family for their support and encouragement during my PhD,

and my proof readers to whom I am very grateful- you are all angles.



CONTENTS

ABSTRACT ceiieeeette ettt ettt ettt e st e st e e st e e e st e e e s bt e e sasbeesasteesaaeesnbeesaseeas 2
DECLARATIONS ...ttt ettt ettt ettt st e e st e sttt e s bt e e s abeeesabteesabeeesbaeessseesaseeas 3
ACKNOWLEDGEMENTS ....coiiitiiititteetectt ettt sttt et e s e s s 4
CONTENTS .ttt et s e sttt e sttt e st e e s abeeesabeeesabeeessaeesssbeessseesnaseesnns 5
LIST OF FIGURES ..ceiitiiiteeeteeee ettt ettt st e s e s sae e s s 8
LIST OF TABLES ....citittteeteeettee ettt et e et s e st e e sttt e st e e s sabteesaseeesabaeessnneesnssaesnns 13
ABBREVIATIONS ..ottt ettt sttt sttt sttt e st e e s nae e e aeeessnseesnnee 14
CHAPTER 1. INTRODUCTION....ccttttttiiiieeeeeeeetttiiieeeeeeeeetteeeiseeeeseeeeeessaanaeseseeeesennsnns 16
CHAPTER 2. TISSUE REGENERATION, HYBRIDS AND 3D SCAFFOLDS................... 19
2.1 Hyaline Cartilage «oeeeeeeeeeeeerveeerreeiieeeeeerteeeeeereeeeeeeseeesesesreeessssseeesssssseeesssssssssssssnns 20
2.2 Clinical treatments and devVelOPmMENtS .....ccccevuveerreerreerererreeereerreeeeeerreeeesesseeessenns 23
2.2.1  Developments in cartilage rePair....cc.eccveeeeeerueeeereiiiieeeeeiieeeeeeriieeeeesieeee s e 25

2.3 Cartilage hoSt MAtriX OPLIONS eeveeereeerrueererrrreeereeerrreeeeeessreeessessseeessssssesessssssneesssses 28
2.3. 1 POIYIMELS wetiiiiiiiiiieeiieee ettt ettt e e ettt e e s et e e e e s atb e e e s s abbeeeeeasbeeeeeanneas 29
2.3.2  Cartilage scaffold requirements.........occueeeeeriiiiieeiniiiiee e 33
2.3.3  Scaffold fabrication OPtionS ......c..eeeeeereeeeeiriiieee ettt et e e e 35
2.3.4  Host matrix: hydrogels ....ccuueeiiieiiiiiiiiiiieeiieeeeetee et 36
2.3.5  Host matrix: porous tissue scaffolds ......ccoevuiiiiiriiiiiiiiiiiiiiieeeee 39
2.3.6  Hypothesised cartilage scaffold design .......cccueeeeeiiiiiiiniiiiiiiniiieeeeieee e, 43

2.4  Strengthening and controlling degradation using sol-gel hybrids..........ccccceeuueeene.ee 44
2.5  Silica-gelatin hybrid scaffolds.......ccceeeervueereeerreeeriiriieeeeceeeeecreeeeeeeeeeeeeesreeeeeeennee 48
2.6 3D printing silica-gelatin hybrids ......cccceeeeeeoieiiiiiniiiiiiieeeerceeeeeceeeeeeeeeee e 50
2.6.1 3D printing silica-gelatin hybrids .......ccccceiiiiiiiiiiiiiiiieeee, 52
2.6.2 3D Printing SUIMIMATY ..ceeeeeeeeeeeuuuneeeeeeeeeemmmnnneeeeeeeeeeesmmneeesseeeeemsssnnssseeeseeeessnns 54

2.7  Electrospinning silica-gelatin hybrids ......cccooeervuiinvuiiniiiiniiiinnneinnnecinneccnneccnnee. 55
2.7.1  Cotton WoOl-like fIDres......uuiiiiiiiiiiiiiiieeeee e 58
2.7.2  Electrospinning highly crosslinked gelatin.......cccoeeeuviiiiiiiiiieinniiiieinieee e, 59

2.7.3  ElectroSpinning SUMIMATY.....cceeeeureeeeeriureeeeasirreeesssisseesessssseeesssssseessssssseesssssssees 65



2.8 ODJECLIVES wevurerrreerrereeeersrrnneeeessessesssssssssesssssssssssssssssssssssssssssssssssssssssssssssssnssassssssssss 66

CHAPTER 3. CHARACTERISATION TECHNIQUES......ccooiitiriieiniieeniieeeieeeeieee e 67
3.1  Imaging teChniqUes ....ccoccvueiiiiiieiiiiiiiiiiiiieteecet ettt re e 68
3.2 Composition and bonding analysis .......cceeueevvvuiiiiuiiiinuiinniniiinniiinnieeneecnnneennnee. 70
3.3  Mechanical properties and scaffold Structure .........cceeeeveeereeeveeericcieeeenccneeeenceneen. 73

CHAPTER 4. 3D PRINTING OF SILICA-GELATIN HYBRIDS .....cccccviiiiiiiiiiinieeeee 76
4.1 INLrOUCHION «euueeiiiiiieitiiiiieteeecet ettt et e e sree s e s sara e e s s sssaesessssaesssessssaasssnnes 77
4.2 MethOdS.coueiiieiiiiiiiiiiiiniieiiiente ettt sra e s aa e s aa e s sae s e bae s s naas 81

4.2.1  Preliminary sol-gel hybrid method .........coooiiiiiiiiiiiiii e, 82
4.2.2  Functionalisation and aging Study........ccceeerrureeeiriiiiieiiniieee e 84
4.2.3  Silica-gelatin HF-free hybrid method.......ccoocoviiiiiiiiiiiiiiiiiieeeee, 87
4.2.4  Crosslinking effects of C-factor.....ccouriiiiiiiiiiiieiiiiiieeeeeee e 89
4.2.5 3D printing parameters and composition compatibility .........cccceeereiiieeennnnnen. 91
4.2.6  Silica network condensation .......cocueeeeeeeriieerniiieieiie e 95
4.3 Results and diSCUSSION ceeeuuueiiriiiiiiiiiiiittieiteeeeertteeeesreee s s sneeeesesneeeesesnseesssnnns 97
4.3.1  Functionalisation StUAY.......eeeeiereieeeiniiieeeeeitee et e et e e e e e e e 98
4.3.2  AGING STUAY teniiiieiieiitee ettt et e ettt e e e e e s bt e e e e e 101
4.3.3  Crosslinking effects of C-factor......cooiriuiiiiriiiiiiiiiriieeeeieeee e 103
4.3.4 3D printing Parameters.....ooeeeeeeeeeeeerrri s 105
4.3.5  Composition compatibility Study .....ccecvveeirriiiiiiiiiiiiiieiiieeeeeeee e 108
4.3.6  Silica network coOndensation .........eeeeeeueieeeeriiieeeenieeee et aeee e 112
4.4 SUIMNIMATY ceeiiiiiruuniiiieniitiimiuuiieertttetmmusessiesstteeessassssssssssssssssssssssssssssssssssssssssssssees 115

CHAPTER 5. 3D PRINTED SCAFFOLD PERFORMANCE.......cccoiiiiiiiiiiiiiieeneeeeeeeeennnee 117
5.1 INErOQUCHION euvverireiiriiieriiterirtereeeeesreeesreeesreessseesssaesesseessssaesssssesssssesssssassnnes 118
5.2 MEthOdS .uuiiiieiiriiiiriiiiniiiniieeieeeeieeeseeessrtessseesessessssaessssaessssesssssesssssasssees 120

5.2.1 3D printed scaffold drying methods .........cccueeiiniiiiiiiiniiiiiiiieeeeeeee, 121
5.2.2  Structure of dried scaffolds ......ccoeveiriiuiiriiiiiiiiiiiee e 123
5.2.3  Dissolution Characteristics .....eouvueeeerrueeeeeriiiieeeeeriteeeeeiiee e e eereee et e e e 125
5.2.4  Compressive Strength....cccuiieieiiiiiiiiiieeceeieeeeee e 127
5.2.5  Cell INtEraCtioNsS .uueveeeeeeiiiieeeeiteee et ee e e ettt e e ettt e e s srteeessaraeeeeeabeeeeesanneas 128
5.3  Results and diSCUSSION ....uueiereerieeiriiiiiteieiieteeeeireeeeeerreeeeeeneeeseesneeessessaeessennne 131
5.3.1  Dried 3D printed scaffolds.......ccoovuiiriiiiiiiiiiiiiiiiiieeeeee e 132
5.3.2  Dissolution properties of scaffolds .......ceevrrviiiiiiiiiiiiiiiiiiieiieeeceeee e, 142
5.3.3  Mechanical properties of scaffolds.......ccoevuiiiiiiiiiiiiiiiiiiiiiiiiiecieccece 146
5.3:4  Cell INTEractions c.uuveeeeieiuieeeeieiiee ettt e e s ee e e s e e s neeees 151



5.3.5  SUMMATIY cettiiiieeeeeeieetee ettt e e e ettt e e e e e e et eeessaaeeeeeeeeeennsanaenaeaaeees 155
CHAPTER 6. ELECTROSPINNING SILICA-GELATIN HYBRIDS......ccoociiiiiiiiniieenne. 157
6.1 INErOAUCHION «evviiiiiiiiiiiiiiitiiictet ettt e e s are e s s s ssraesssssansesssesasasessennns 158
6.2 MEthOdS . ..ueiiiuiiiiiiiiiiiiiiiiiiecicetenre ettt ert e s ere s rae s ra e s saa e e sbae s baas 161
6.2.1  Silica-gelatin electrospinning hybrid method ..........coooviiiiiiiniiiiiiiniiieeien, 162
6.2.2  Electrospinning Parameters......c.ueeeeerureeeerarrreeesasisreeesasiseeeessssneeesasnseeeesssnnsees 165
6.2.3  CF185 electrospinning Study.......ceeeeeueeeeeriieeeereiieeeeeeiieeeeeeeeeeeeeeeeeseeeeees 166
6.2.4  Electrospinning high C-factor hybrids.......cccceiiriiiiiiiniiiiii, 169
6.2.5  Evaluation of high C-factor hybrid composition.........ccccceereiiiiiiniiieeennnnnee. 171
6.2.6  Silica network condensation Of fibres.......ccceevvuiiriiieiniiiiiiieiiieeeieeceecee 172
6.2.7  DiSSOIULION cuutttieiiiitieee ettt s e e e e 173
6.2.8  Cell attachment and viability ......ccooveiiiiiiiiiiiiiiiiiee e, 175

6.3 Results and DiSCUSSION ...uueiiriiiiueiiiiiiiieiiiiiietteeeieeeeeeereeeeseeeeeesesseeessessaeessennne 176
6.3.1  CF185 electrospinning Study.......ceeeeeureeeerrireeernriieeeesiieeeesineeeeeieeeessseneas 177
6.3.2  Electrospinning high C-factor hybrids......cccccceiniiiiiiiiiiie, 183
6.3.3  Cotton wool-like silica-gelatin hybrid structures ........cccceeeerreiiiiiiniineeennnnen. 188
6.3.4  Evaluation of high C-factor hybrid composition.........ccccceerriiiiiiiniiieeennnnnee. 192
6.3.5  Silica network condensation Of fibres........cceevvuieirviiiriieiniieiiieeeieeeeeee 196
6.3.6  DisSOIUtION STUAY..uuviiiiiiiiiiieieiiiee ettt et e e e e et e e s 199
6.3.7  Cell attachment and viability ......ccooooiiiiiiiiiiiiiiieee e, 203

(SR 1113103 P 1 2T 205
CHAPTER 7. CONCLUDING REMARKS .....ceiiiiiiiiiiitenteeeeeeeee et 207
7.1 SumMMAry oOf TeSUILS .ceeeeueeiireeiiiteeeeitteeeeriteeeeerteeeeeeereeesessneeeesesnnaeesssssseaesssssnanes 208
7.2 FUIther WOTK..oiiiviiiiiiiriiiiiitiniieennieeneiteseiecsestesesseessssessssaesssssesssssssssessnnes 210
REFERENCES....ce ittt sttt ettt e st e st e e s e e e s neeeesneenane 211
APPENDIX L.ttt ettt ettt et e s et e et e s et e e s bt e e e bt e e saate e e nneeennneenan 221



LIST OF FIGURES

Figure 1. The zonal organisation of articular cartilage; the arrangement and distribution of

cells collagen Type II, and proteoglycans. .......cccceeeeieiieieeiiiiieeeieieeeeeeee e 21
Figure 2. Chemical structure of PLA, PGA and PCL. ...ccocuiiiiiiiiiiiiiiieeieeceeecceeeeeeeee 29
Figure 3. Cartilage tissue scaffolds made by 3D printing and electrospinning............cccceennee 43

Figure 4. Schematics of a) Class I hybrids and b) Class II hybrids with organic and inorganic

COUPIINE. 1itttteeeittee ettt ettt e e ettt e e et e e e s bbt e e e e bt e e e e abbeeeessasbeeeesassaaessasnaas 44
Figure 5. Formation of a silica sol-gel network.........oocueiiiiiiiiiiiiiiiiiiieeeeeeee 45
Figure 6. Functionalisation of a polymer with -COOH group using GPTMS. .........ccccuvennee 46

Figure 7. Hybrid silica-gelatin sol-gel hybrid (30 wt% gelatin with C-factor 1000) foamed
scaffold for tissue regeneration; a) X-ray micro-computed tomography image, b)

SEM image. Scale bar is 500 pm for both. Reprinted with permission (Mahony et

ALy 20T0) teiiiiiieeeteee ettt sttt et neeeane s 48
Figure 8. Schematic of a 3D printer (rObOCASLET). .uviirruiiiiirriiiiieeiiiieee et e e e e 50
Figure 9. Schematic of electrospinning apparatus. .....cc.eeeeeeeveeeeenriieeeeneiieeeeeeeeeeeeeeeeee e 55

Figure 10. SEM morphologies of the nanofibres before (A,C,E) and after (B,E,F) 7 days of
immersion in PBS at 37°C. The compositions of the nanofibres are (A,B) pure
gelatin, (C,D) CF370 and (E,F) CF740. Reprinted with permission from (Song et
ALy 2008D). eeeieiiiieetee ettt e st e s e e snnee s 60

Figure 11. Schematic of proposed cartilage tissue scaffolds made by 3D printing and
electrospinning. The printed component has 200-300 pm porosity channels, and
3D electrospun fibres have diameters of ~1 M. ..ccoccueiiiiiiiiiiiiiiiiiiiiieeccieee 66

Figure 12. Schematic of strain response to applied oscillatory stress for an elastic solid, viscous

fluid and viscoelastic material........cccueeeiiriiiiiiiiiiiieiee e 74
Figure 13. Schematic of the 90° mesh 3D printed scaffold design.........cceevueeiviiiiiniieinnieennnne. 77
Figure 14. Image of the Ultimaker Original, before adaptation for sol-gel hybrid printing
(WWW.UItIMAKET.COM). 1iiiiiiiiiiiiiiiiieee et e e e e et e e e e e e e e eaeareeeeeeeeeennannns 80
Figure 15. Schematic of hybrid chemistry and monolith method. ........ccccccveeiiiiiiiiiinniiieennnns 84

Figure 16. Schematic of the HF-free hybrid method for 3D printing silica-gelatin hybrids: 3D

PIINEINE TOULE. tetrrruuueneeereeeerrrrnuneeaeeeeeeeeeessnneesseeeeeeeeemsmnnssseeseesemmssnmnssssesseeeeessnnnnnnns 88



Figure 17. Schematic of the 3D printing set-up including an image of scaffold being 3D

PIINEEA. 1ottt ettt e ettt e e e bt e e e et e e e e et e e e s bt e e e e s att e e e e nbaeeeeannas 92
Figure 18. FTIR spectra of GPTMS before and after hydrolysis.......cccceeeivieiiiiiieiiniiiieennnnes 99
Figure 19. FTIR spectra of gelatin functionalised with GPTMS, CF750, for increasing lengths
OF TIME. ettt s e st 100

Figure 20. FTIR spectra of 78G CF750 hybrid monoliths aged at 5°C and room temperature
£Or UP tO T4 daYS. .uveeieiiiiiiieeeie ettt e e et e e s et e e e 102
Figure 21. Crosslinking index determined by optical absorbance at 570 nm of 78G hybrids
reacted with ninhydrin reagent. ......cccueeeeeiiiiiiiiiiiiieeeeeeece e 103
Figure 22. Schematic of the 3D printing set-up including an image of scaffold being 3D printed
showing the printing parameters required for a 1 mm strut separation scaffold.. 107
Figure 23. Graphical representation of solution-aging and printing window times for printable
compositions with increasing wt% gelatin and C-factor of 500.......cccccccevuueennene 109
Figure 24. The frequency dependence of storage and loss moduli of 78G CF500 hybrid gels
increasing sOlUtiON-AZING TIME. ..eeerrrurreerrriiireeerriiteeeeeareeeesesnreeesesrreeesesseeeesanne 111
Figure 25. °Si MAS NMR spectra for Methods A, B, C, and D plus a schematic of the T°
SETUCTUTC e eee e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e eeeeeeeeaeeaeaeesaeeeeeeseseeeeseseeeeneeeseeaeseeaens 114
Figure 26. Schematic of CPD stages including stasis mode. ......cccecuueeereriiieeiiniieeeiniiieeeenes 122
Figure 27. Diamond beamline compression testing rig. Images demonstate a) the P2P rig and
b) the scaffold placed within the compression unit. .......cccecveeeeeriieeeneriieeennnnnee. 127
Figure 28. Photo of 3D printed 78G CF500 scaffolds printed with 1 mm strut separation dried
by a) freeze drying and b) critical point drying. The scaffolds are imaged from the
side and from above to show the difference in size of the scaffolds after drying.
Scale bar 0.5 CM weeiiiiiiiieeeee e 132
Figure 29. TGA and DSC analysis comparing 78G CF500 scaffolds dried via FD (black lines)
and CPD (red 1INES). ..uuuuueueeeieii e nnnnnnnnnnnes 133
Figure 30. SEM of preliminary 3D printed 78G CF500 FD scaffolds with 15° tilt along Z axis,
20 kV. Scale bar is 500 P ccceviiiiiiiiieeieiieee et eeiree e e et e e s rae e e s 134
Figure 31. SEM images a,b) FD and c,d) CPD 78G CF500 scaffolds printed with 1.5 mm
printed strut separation, 20 kV. Images show a,c) XY cross section and b,d) ZY
cross section. Scale bar is SO0 M. couviiiiiiiiiiiiiiiiiiee e e e 136
Figure 32. SEM images a,b) FD and c,d) CPD 78G CF500 scaffolds printed with 1 mm printed
strut separation, 20 kV. Images show a,c) XY cross section and b,d) ZY cross
section. Scale bar is 500 M. ..ceiiiiiiiiiiiiiiiiiiieeeee e 136
Figure 33. 3D reconstructions of FD scaffolds (a,b,c) and CPD scaffolds (d,e) and the pore

channels within the CPD scaffolds (f,g). The images are of scaffolds are viewed in



the a,d) YZ, b,e,f) XY and c¢,g) XZ plane (micro-CT, Diamond Light Source)

(Figures d,e,f,g courtesy of Xiaomeng Shi). ....cceeeeiiriiiiiiiniiiiiiiiniiieeeieeeeee, 137
Figure 34. SEM inLens images of 78G CF500 scaffolds a) electron beam damaged FD scaffold
surface and b) CPD scaffold surface. Scale bar is 400 Nm......cevvveeeeeeiieireevennnnnnn.. 140

Figure 35. a) Elemental concentration of calcium and phosphorus in SBF following the
immersion of FD 700 pm 78G CF500 scaffolds over a one month period; b) XRD
pattern of scaffold post dissolution study in SBF. .......ccccceiiriiiiiiiiiiiiiiiniiieeee 143
Figure 36. Dissolution profile of a) silicon and b) gelatin over a one month period in TRIS.
78G CF500 CPD 200 pm were compared to FD 700 pm scaffolds, both printed
With 1 MM Strut SEPATATION. ceeieeueeieeeeiiiieeeeettee e et e et e et e e e seeeeeseaeeeee e 144
Figure 37. Example stress-strain plots of compression testing 3D printed 78G CF500 scaffolds
dried via FD and CPD methods. Solid-lines indicate wet samples (1 week soaking in
TRIS), dashed lines indicate dry samples. Graph a) FD 700 pm scaffolds wet and
dry compared to wet CPD 200 pm scaffolds, and b) FD 700 pm wet sample and the
highest strength dry foam (40G CF1000) produced by Mahony et al. (Mahony,
20T0) . ceiiieiteeee ettt a e s 147
Figure 38. 3D reconstructions of a FD700 scaffold under increasing stress: 0 MPa, 0.81 MPa,
1.02 MPa and 1.12 MPa in the YZ, XY and XZ plane (micro-CT, Diamond Light

Figure 39. MTT metabolic activity assay according to the ISO standard 10993-5 and 10993-
12. Dilution % values are vol% concentrations in PBS buffer, for a) for ATDCS5
chondrogenic cells and MCT3T3 osteoblast cells. .......eereuiiiiiiiiiiieiiiiienieennnee. 151

Figure 40. Confocal images of (b) ATDCS and (¢) MCT3T3 cells on the 3D printed scaffolds
stained for cytoskeletal protein actin (red), vimentin (green) and nuclei (blue). Scale
DAr 18 200 M. c.eiieiieeeietee ettt e e st e et e e e e s 152

Figure 41. Confocal images of ATDCS cells on the 3D printed scaffolds stained for
cytoskeletal proteins: Sox9, collagen Type II, aggrecan, collagen Type I, collagen
Type X (all green) and nuclei (blue). Scale bar is 200 pm. ..ccoovveeevveeriieennieennne. 154

Figure 42. Electrospinning hybrid method for silica-gelatin hybrids. Solution-aging time,
electrospinning viscosity window and electrospinning parameters were initially
UNKIIOWIIS. 1ettiiiiteiiiteeeite ettt ettt seit e st e st e s et e e sabe e e sabteesabeeesnneeenaeesnneens 164

Figure 43. Electrospinning apparatus at NITech, Nagoya, Japan. ...ccccccceeeveeriieinnieennneenne 165

Figure 44. Viscosity measurements over time of 70G CF185 solutions and 100G CF185
SOIULIONS. teeetiiiiiieiiite ettt ettt e st s e e e e e e e s bae e s e e e 177

Figure 45. SEM images of electrospun 70G CF185 silica-gelatin hybrid. Images a) to g)

represent fibres electrospun at 7 kV and 9.5 kV. The images represent fibres formed

10



with the following viscosities: a) and b) 37 cP, ¢) and d) 46 cP, e) and f) 60 cP and

8) 79 P 178
Figure 46. SEM images of CF1835 fibres spun at 12 kV representative of 40 cP-60 cP solutions.
......................................................................................................................... 179

Figure 47. Optimal 70G CF185 electrospun fibres with 0.79 = 0.10 pm fibre width,
electrospun using: 22 gauge stainless steel needle, 0.05 mL min" flow rate, 55 %
relative humidity, 50°C heat jacket , applied voltage 9.5 kV, and needle-collector
distance 20 cm, 37-60 CP VISCOSITY. .uvrrrreerrrrrrriirrieeeeeseensiirrreeeeeeessssssssereeeeeessanns 180

Figure 48. FTIR of 70G CF185 electrospun samples spun with increasing viscosity values due
to increased solution-aging between 1 -5 hueooiiiiiiiiiiiiiiiiiie 181

Figure 49. Viscosity measurements of all 70G hybrids: CF250, CF500, CF750 with increasing
SOIULION-AZING TIME. 1eeerruurrieereiuirieeeaiiteeeeaiireeesasirreeeasssseeeesassseeesssssseessssssseessnnnns 184

Figure 50. SEM images of electrospun 70G hybrid fibres with increasing C-Factor and
viscosity. A), B), C) CF250, D), E), F) CF500 and G), H), I) CF750. With increasing
viscosity the structures achievable changes: A), D) and G) show fibre mats
electrospun from viscosities of 44, 45 and 49 cP respectively, B), E) and H) show
cotton wool-like structures electrospun from viscosities of 72, 66 and 64 cP
respectively and C) F) and I) show fibre fusion electrospun from viscosities of 81,
76 and 65 cP respectively. Scale bar is 10 PMe.....cciiiriiieiinriiiieeeiieeeeeeee e, 187

Figure 51. Photographs of 70G fibre structures formed with C-factors of a) 250, b) 500 and ¢)
750. The fibre sheets at the top represent 2D fibres formed at low viscosities. The
bottom images show 3D cotton wool-like fibre structures laid out flat (middle) and
balled up like cotton Wool (DOttOM)..ccevuviiiiiiiiiiiiiiiiieeeeeee e 188

Figure 52. Cross-section schematic of electrospun fibres attached to collector..................... 189

Figure 53. FTIR spectra of 70G hybrid fibres with increasing C-Factor produced by
electrospinning. 3D cotton wool-like fibres (60-80 cPa) are compared to 2D sheets
(40760 CPQ). teveeeeiieeeiiee ettt ertee e st e e e te e st e e st e e s be e e st e e s ba e e s tteesaaeesataeenaraeenn 191

Figure 54. Chart showing the % mass contributions of gelatin, TEOS, inorganic GPTMS, and
organic GPTMS of hybrids produced using the HF-free 3D printing method, and
the total mass % of organic in electrospun fibres of the same composition. ........ 194

Figure 55. Thermal analysis of 70G CF500 hybrid. Solid lines indicate hybrid prepared by
electrospinning, dashed lines indicate hybrid prepared by 3D printing method. .. 194

Figure 56. ’Si MAS NMR spectra for 3D cotton wool-like electrospun silica-gelatin 70G
hybrids comparing C-factors: CF250, CF500, CF750. ..ccitiiiiiiiiiiiiiieeeeiiieeenee 197

Figure 57. T and Q structure plotted to demonstrate trends in distribution of species. ........ 198

11



Figure 58. Results of dissolution in TRIS for fibres made with 70G and CF250, 500 and 750.
Over a one week period the Si release and gelatin release was investigated as shown
N a) and b) reSPeCtiVelY. ..ceeeiiiuuiiiiiiiiiee ittt 200
Figure 59. SEM of fibres after 1 week soaking in TRIS solution: a) CF250 sheet-structure
fibres, b) CF500 cotton wool-like fibres and ¢) CF750 cotton wool-like fibres.... 201
Figure 60. FTIR spectra of 70G hybrid: CF250, CF500 and CF750 fibres before and after one

week dissolution study in TRIS.....ccooiiiiiiiiiiiiiiiieeetee e 202
Figure 61. SEM image of the spherical morphology of the ATDCS chondrocytes attached to:
a) 70G CF500; and b) 70G CF750 fiDres. ...uuuuuuuuuriiiiieiieeieeeceeeeeceeeeceenenns 203

Figure 62. In vitro toxicity evaluation by a LIVE/DEAD assay of a) 70G CF500 fibres and b)
70G CF750 fibres, using calcein AM for staining of the live cells (green) and

ethidium homodimer-1 for staining the nuclei of dead cells (red). Scale bar is 100
ATTLe o 12+ seeeoee2s2eeeee 228 e s o2 s et e 2R e RS e e s Ao 2R e AR et s e 204

12



LIST OF TABLES

Table 1. Mechanical properties of cartilage tiSSUe......eeuveeereiiiiieriiiiieeeeieeee e 22
Table 2. Requirements of a tissue scaffold for cartilage regeneration ........ccceeevveeeeienineeennnnee 33

Table 3. Summary of current literature of electrospun silica-gelatin hybrids or functionalised

GEIATITL 1ottt e et e e et e e e e eaneees 62
Table 4. Silica-gelatin hybrid compositions for printing compatibility study. ......cccceeuveeeennnee 93
Table 5. Variations on the silica-gelatin hybrid method, 78G CFS500. ........cccoviiiiiiiiniiiennnnee 95
Table 6. 3D printing parameters, the investigated range and values selected. .........ccouneenee 106

Table 7. T structure, Q structure, and degree of condensation quantified by *’Si MAS NMR
for hybrids synthesised using four different methods: A, B, C, and D. The
composition of all hybrid are 78 G CFS500....cccccccuviiiiiiiiiiiiiiiieeeeireeeeeieeee e 113

Table 8. Summary of shrinkage, skeletal density and porosity of FD and CPD scaffolds printed
With 1 MM Strut SEPATATION. ceeieuveieeeeiiiieeeeriiteeeertteeeeeite e e s sttt e e s e saaaeeeesasaeeeeas 134

Table 9. The mean pore width for FD and CPD scaffolds with 1 mm and 1.5 mm printed strut
separation. Errors represent the standard deviation of the set of measurements (n >
20 ettt ettt et e h e st e b e bt e et e e abe e bt e e bt e ebeesbeeeaneas 139

Table 10. Mechanical properties of dry and wet (one week soaking in TRIS) 78G CF500 3D
printed scaffolds (n = >6), 40G CF1000 foams (Mahony, 2010) and hyaline

CATTILAZE. ¢ttt e ettt ettt ettt e e e ettt e e e ettt e e s e ane e e e e e st e e e e e aneeeeaenane 146
Table 11. Mean fibre diameters and standard deviations in pm of 70G CF185 fibres
electrospun at increasing viscosities and voltages. .......ccoevveerviuieieiieiniieiniieennne. 179
Table 12. Fibre diameters of 2D mats, 3D cotton wool-like fibres and 3D fused fibres as
ShOWN N FIGUIe 50..ciiiiiiiiiiiiieeee ettt e et e st e e e 187

Table 13. Moles of GPTMS and gelatin, and C-factor, as calculated from the remaining
inorganic after TGA of functionalised gelatin samples: CF250, CF500, CF750... 192
Table 14. Percentage mass contributions of each hybrid component as calculated from the

total percentage of organic of the hybrids produced using the HF-free 3D printing
method and the C-factor for hybrids with composition 70G: CF250, CF500,

Table 15. T structure, Q structure, and degree of condensation quantified by *’Si MAS NMR
for 3D cotton wool-like electrospun 70G hybrids with varying C-factor: 250, 500
AN 750 ettt e st e e st e e e b e e e b e e earee s 196



ABBREVIATIONS

3D 3 dimensional

ACI Autologous chondrocyte implantation
MEM Minimum Essential Medium

APTS 3-aminopropyltriethoxysilane

BG Bioactive glass

BSA Bovine serum albumin

CF C-factor (molar ratio of GPTMS to gelatin)
CPD Critical point dry

CT Computed tomography

DABCO 1,4-diazabicyclo[2,2,2,]octane

DAPI 4',6-diamidino-2-phenylindole

DMEM Dulbecco's modified eagle medium
DSC Differential scanning calorimetry

ECM Extracellular matrix

EDC 1-ethyl-3-(-3-dimethylaminopropyl)carbodiimide hydrochloride
FD Freeze dry

FEG Field emission gun

FDA Food and Drug Administration

FTIR Fourier transform infrared spectroscopy
G' Storage modulus

G" Loss modulus

GAG Glycosaminoglycan

GPTMS Glycidoxypropyl-trimethoxysilane

HA Hydroxy apatite

HCA Hydroxycarbonate apatite



HCI
HF
ICP OES
ICPTS
ID
MAS NMR
MSC
MTT
NHS
NITech
NMR
PBS
PCL
PDLA
PE
PFA
PGA
PGLA
PLA
PLLA
PU
PVA
RT
SBF
SEM
TEOS
TGA
TRIS
uv
XRD
ZDEC

Hydrochloric acid

Hydrofluoric acid

Inductively coupled plasma optical emission spectroscopy
Isocyanatopropyl triethoxysilane

Internal diameter

Magic angle spinning nuclear magnetic resonance
Mesenchymal stem cells
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
N-hydroxysuccinimide

Nagoya Institute of Technology

Nuclear magnetic resonance

Phosphate buffered saline

Polycaprolactone

Poly(D,L-lactide)

Polyethylene

Paraformaldehyde

Polyglycolic acid

Polyglycolic-lactic acid

Polylactic acid

Poly(L-lactide)

Polyurethane

Poly (vinyl alcohol)

Room temperature

Simulated body fluid

Scanning electron microscopy

Tetraethyl orthosilicate

Thermo gravimetric analysis
Tris(hydroxymethyl)aminomethane

Ultra-violet

X-ray diffraction

Zinc diethyldithiocarbamate

15



CHAPTER I. INTRODUCTION

Cartilage defects

Cartilage defects affect millions of people across the world. Defects arise from degenerative
diseases, general wear and tear, trauma and tumour removal (MMWR, 2007, Temenoff and
Mikos, 2000). According to the NHS, in the UK alone, 70,000 knee replacement surgeries take
place each year and the number is rising. Most naturally occurring joint problems begin with
small lesions in the articular cartilage tissue (Orth ez al., 2014). Cartilage has almost no repair
mechanisms due to its low cell density, low metabolism and absence of blood supply, so the
damaged tissue progressively degrades until there is bone-on-bone contact (Muzzarelli ez al.,
2012). This is known as an osteochondral defect, a defect that affects the full thickness of
cartilage reaching subchondral bone and causes severe pain (Hunziker, 2002, Spiller ez al.,
2011). Attempts by the body to repair the defect results in fibrocartilage, which has inferior
mechanical and structural properties which cannot handle the loads required of it, leading to

degeneration and more pain (Spiller e# al., 2011, Ahmed and Hincke, 2010).

Tissue engineering

Tissue engineering is a field combining the expertise of the life sciences and engineering. By
understanding the materials and structural properties of organs and tissues, synthetic
substitutes can restore or replace tissues that would otherwise require a donor. Langer and
Vacanti (Langer and Vacanti, 1993) discussed three options for the future of tissue
engineering. The first involves manipulating cells and implanting them without the need for
open surgery. This is a simple and convenient solution, but the success rate is expected to be
low due to the failure of the cells to retain function. The second option is based on supplying
tissue inducing substances such as growth factors and signaling molecules to repair the tissue.
This requires the development of delivery vehicles with mechanisms for targeted release. The
third option, cells in a matrix (scaffold), was focused on in this work. By i# vitro manipulation
of cells in a host matrix, the idea is to replace damaged tissue with this implant. This option is
particularly appropriate for cartilage tissue due to the extremely poor natural repair
mechanisms (Knutsen et al., 2007, Verzijl et al., 2000). The time of culture of the cells in vitro
on the scaffold depends upon the strategy chosen. Scaffolds can also be implanted to recruit

cells from the in vivo environment.
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The design of the host matrix is complex. It must provide a bioactive surface and act as a
temporary template to guide tissue repair. The term bioactive refers to the material’s capability
to stimulate cell attachment and production of cartilage extracellular matrix, without fibrous
encapsulation. The ideal scaffold would also degrade at the same rate at which the seeded cells
form extracellular matrix and develop the native tissue structure (Solchaga ez al., 2005, Bryant
and Anseth, 2003). This provides a transitional period without the loss of mechanical
properties. The host matrix must also provide a low friction bearing surface compatible with

cartilage in articular joints (Mow et al., 1992).

Advances in processing

A three dimensional host scaffold is essential to support cell growth thicker than a few layers.
The requirements include: bioactivity of the material; mechanical properties to match the host
tissue; a degeneration rate to match the regeneration of the tissue; and channels for cells,
nutrients and waste products. The channels/pores should be tailored to the tissue type,
enabling cell-cell interactions. Matching mechanical properties to the host tissue and the
degradation rate to tissue growth/remodelling rate would provide stability of the regenerating
tissue. Matching the mechanical properties is also hypothesised to allow transduction of
mechanical signals to cells growing on the scaffolds. Efficient diffusion channels are essential

to allow for full thickness seeding of cells and avoid extracellular matrix and cytotoxic waste

build-up (Vunjak-Novakovic et al., 1998).

Traditional methods that produce sponge-like structures lack independent control of these
requirements; however 3D printing is expected to overcome these limitations (Jakus et al.,
2016). 3D printing is generally a layer-by-layer fabrication technique which can provide
accurate and reliable control of structures as dictated by computer software. The recent 3D
printing boom has produced many printers with different mechanisms to build 3D structures
and for use with different materials; metals, ceramics, polymers and cells all have various
options for printing. Relating these capabilities to tissue scaffolds, the micro and the macro
structure of the scaffold could therefore be tailored to fit a specific defect in a specific area in a
specific patient. This tailoring can be achieved by creating computer simulations of the defect

site to discover exact scaffold requirements (Semple et al., 2005).

Hybrid materials

Alongside the advances in fabrication methods, bioactive materials have also been developing.
Bioactive materials are defined here as materials which provide cell attachment sites and
stimulate the formation of healthy native tissue. For bone and cartilage regeneration,

composites are a common research focus. They provide strength from a ceramic and ductility
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from a polymer, but degradation and bioactivity is inconsistent between phases. A bioactive
phase can commonly be masked by the polymer and the interface between the polymer matrix
and the reinforcing phase is usually poor, limiting the mechanical properties. Hybrids combine
both organic and inorganic components at the molecular level. For cartilage regeneration, the
organic component can provide toughness and bioactivity while the inorganic network
provides strength. Due to the fine scale interactions between components, hybrids have the
potential to degrade congruently and provide a fully bioactive surface for cells to attach
(Mahony et al., 2010). Hybrids are the focus of this PhD due to the tailorability of the
material properties by variations in composition, making them suitable for adaption for 3D

printing, electrospinning, and both cartilage and subchondral bone regeneration.

Aims

The aim of this thesis is to create a new cartilage regeneration construct through synthesis, 3D
printing and electrospinning of sol-gel silica-gelatin hybrids. The variables of the synthesis and
processing methods will be investigated with respect to pore morphology, mechanical

properties, dissolution and cellular response.
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CHAPTER 2. TISSUE REGENERATION,
HYBRIDS AND 3D SCAFFOLDS
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2.1 Hyaline cartilage

Anatomy and repair mechanisms

Hyaline cartilage, or articular cartilage, is a low friction wear-resistant tissue that coats the end
of bones in the knees and other articular joints. It permits free movement of the joint and is
able to distribute applied loads across its surface (Mow et al., 1992). The multi-layered, fibre-
reinforced structure has anisotropic and viscoelastic properties, and under stress, the
pressurisation of the tissue is controlled though redistribution of interstitial fluid. The complex
structure provides load support and a low friction surface in the presence of synovial fluid.
When it is damaged, hyaline cartilage is challenging to regenerate to its original state and
function, with many procedures producing inferior fibrocartilage (Kreuz ez al., 2006, Knutsen

et al., 2007, Gobbi et al., 2005).

Cartilage is composed of ~5 % chondrocyte cells within a dense extracellular matrix (ECM)
made up of ~72 % water, collagen, and proteoglycans. In cartilage, the main proteoglycan is
aggrecan. Proteoglycans are proteins consisting of a core protein with a highly polar protein,
glycosaminoglycan (GAG), covalently attached. GAG is a linear polymer of repeating amino
sugars which have a prevalence of acidic groups leading to a negative charge. This attracts
cations (e.g. Na') from the interstitial fluid and two important effects are observed:
proteoglycan molecules electrostatically repel each other, and they attract water molecules.
The hydrated aggrecan molecules are trapped within a network of Type-II collagen which
reinforces the structure through stiffness and crosslinking. When under compression, the
contact area is increased due to the reversible deformation that occurs when some of these
water molecules are forced out. The load is supported through the majority of water molecules
remaining in confinement and the trapped aggrecan molecules retaining their electrostatic

repulsion (Muzzarelli et al., 2012).

To complement the intricate interactions between aggrecan, collagen and interstitial fluid, the
structure of the cartilage is equally complex. Hyaline cartilage is comprised of three zones as
shown in Figure 1; superficial zone, middle zone and deep zone. Each zone varies in
extracellular matrix (ECM) composition and organisation, cell morphology and metabolic

activity (Klein et al., 2009).
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Figure 1. The zonal organisation of articular cartilage; the arrangement and distribution of cells collagen

Type 11, and proteoglycans.

The superficial zone provides the extremely low friction collagen surface and is 200 pm thick
(Cui et al., 2012). It has a high density of flattened chondrocytes and a parallel orientation of
collagen fibres along the surface, which provides high lateral tensile strength to withstand
shear stresses during loading (Akizuki et al., 1986). The middle zone has randomly orientated
fibres and higher aggrecan concentration, which gradually increases from the surface to the
deep zone. High water levels provide high swelling pressure and impart compressive strength.
Chondrocytes are spherical, randomly orientated, and present at a very low density. The deep
zone allows for the transition from hyaline cartilage to calcified cartilage, subchondral bone. It
consists of bundles of collagen fibres perpendicularly orientated to the calcified cartilage. The

density of chondrocytes is low, but cells are large and well organised in vertical columns.

Natural repair mechanisms for healthy cartilage are limited due to the lack of a blood supply,
transport mechanisms, and ability to recruit new cells. Additionally, chondrocytes have slow
metabolism and are not active enough to provide effective repair (Verzijl et al., 2000, Hidaka
et al., 2006). For an attempt at cartilage regeneration to occur, the defect must reach
subchondral bone and stimulate the release of stem cells and signaling molecules from the
bone marrow. The highly complex structure of hyaline cartilage is not achieved due to the lack
of organisation and clear signaling to the cells in the defect. Instead of hyaline cartilage,
fibrocartilage forms which has inferior mechanical properties and degrades under loading,

often after 2-5 years (Furukawa et al., 1980, Johnson, 1986).

The production of fibrocartilage rather than hyaline cartilage is due to whether the
chondrocytes are in differentiated or dedifferentiated form. Hyaline cartilage is produced by
differentiated chondrocytes, which have a spherical morphology and synthesise native ECM in
a process known as differentiating. Fibrocartilage is formed by dedifferentiated chondrocytes,
which do not have this capability to differentiate and have an elongated morphology (Stokes ez
al., 2002).
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Healthy hyaline cartilage markers

Specific proteins within cells can be stained to look for healthy hyaline markers. These markers
include ECM components: aggrecan, GAG, and type II collagen, and proteins produced during
differentiation such as Sox9. Negative markers include collagen Type I, an indicator of

fibrocartilage, and collagen Type X, an indicator of calcified cartilage.

To determine cell attachment, cell filaments, actin and vimentin, are stained. Actin is a
microfilament just inside the cell membrane involved in cell migration and adhesion, whereas
vimentin filaments support and anchor organelles within the cell. When cells attach to the
ECM, these internal filaments maintain cytoskeletal tension and cell shape (Langelier et al.,

2000).

Mechanical properties

Table 1 states the mechanical properties of hyaline cartilage tissue. These are the properties
that the host matrix should provide in order to be compatible with host cartilage tissue and

impart the stresses and strains to the cells that would be experienced in the native tissue.

Table 1. Mechanical properties of cartilage tissue.

Property Cartilage

Ultimate Tensile Strength 0.8-25 (Little et al.,
/MPa 2011)

10-40 (Moutos et al.,
2007)

22-37 (Kerin et al.,
Compressive strength /MPa 1998, Repo and
Finlay, 1977)
0.5-1.0
(unconstrained at
Young’s Modulus /MPa sides) (Little et al.,
2011, Jurvelin et al.,
1997)
0.3-0.8 (Jurvelin et
al., 1997, Boschetti et
al., 2004, Chen et al.,
2012)

Ultimate Tensile Strain /%

Compressive strain
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2.2 Clinical treatments and developments

Current clinical treatments

For patients with full thickness cartilage damage and bone-on-bone contact, full knee
replacements are required. Full knee replacements involve a huge loss of healthy cartilage and
bone tissue and have a relatively short lifespan, an estimate of 20 years is given by the NHS.
This eventuality is best avoided by repairing cartilage defects as soon as bone-on-bone is felt to
prevent further damage. Before this point, defects go undetected due to the lack of nerves in
the cartilage tissue. This is particularly important for young active patients who would require
multiple implants over their lifetime. The surgery options currently available for cartilage
defects are; microfracture, mosaicplasty, autologous chondrocyte implantation and scaffold-
based techniques (Kreuz et al., 2006, Knutsen et al., 2007, Gobbi et al., 2005, Ahmed and
Hincke, 2010, Makris et al., 2015).

In microfracture surgery, lesions are made into the bone marrow allowing cells and cell
signaling molecules to enter the defect site and attempt to regenerate cartilage. The drawback
of this technique is the lack of organisation and clear signaling given to the infiltrated cells

(Gobbi et al., 2005, Kreuz et al., 2006).

Mosaicplasty is the placement of many small osteochondral autografts into the void from
which the damaged cartilage was removed. The autografts are removed during a prior surgery
from less critical loading areas, a very limited donor site. This has the clear drawback of being
traumatic for the patient as two surgeries are required and healthy cartilage tissue is removed.
This technique is also limited by the size of the defect, the amount of cartilage available for
removal at the donor site, and the infiltration of unorganised cells entering from the exposed

subchondral bone (Hunziker, 2002).

Autologous chondrocyte implantation (ACI) is an FDA approved cell-based cartilage
regeneration strategy. In this surgery a sample of the patient’s chondrocytes are removed and
expanded in vitro to increase numbers for re-implantation at the damaged area, typically >12
million cells (Makris et al., 2015). The number of chondrocytes that can be removed is limited
to avoid damaging healthy tissue and very small compared to the number required for ACL
The primary drawback of this technique is again the lack of organisation and zonal
distribution of the re-implanted cells, but also the high expense, long time frames, and high

chance of dedifferentiation during cell expansion and once implanted (Knutsen et al., 2007).
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Matrix-induced autologous chondrocyte implantation (MACI) is another cell-based cartilage
regeneration strategy which uses collagen or hyaluronic acid matrices to deliver cells to the
defect. As with ACI, it involves two surgical procedures, the first to collect autologous tissue.
After the cell population has been expanded in vitro and seeded on the matrix for 3 days, the
seeded matrix is implanted in a second operation and fixed with fibrin glue. No mechanical
support is provided by the matrices, and as yet, clinical studies do not show any clear benefit

of MACI over ACI and it has not been FDA approved (Makris et al., 2015).

All of these techniques aim to produce healthy hyaline cartilage, but the unfavourable
mechanical conditions and unstructured organisation of cartilage cells often results in
fibrocartilage which in the long term erodes away requiring a repeat operation in around 5
years (Knutsen et al., 2007, Hunziker, 2002, Kreuz et al., 2006). ACI also highlights the issues
surrounding cell expansion. When large cell numbers are required and expansion periods are
long, the flat surface tends to induce dedifferentiation to fibrocartilage due to signals from the

internal filaments, actin and vimentin, to the cell nucleus (Stokes et al., 2002, Allen et al.,

2012).
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2.2.1 Developments in cartilage repair

Discussion of the current treatments available highlighted that cell organisation and low cell
numbers are key to regenerating hyaline cartilage and avoiding fibrocartilage. To maintain cell
organisation, a host matrix is necessary to provide zonal distribution during seeding and
support under loading once implanted. This aligns with Langer and Vacanti’s third option for

tissue engineering (Langer and Vacanti, 1993), cells in a matrix.

Research into cartilage regeneration via cells in a matrix has three main focus points: cell
source, cell stimulation and type of host matrix. The choice of cell type strongly affects the
time frame to produce the implant, the chance of acceptance/rejection by the body, and the
ease at which hyaline cartilage forms. Cell stimulation by mechanical or chemical signals can
be used to aid the formation of hyaline cartilage, but the options when choosing the host
matrix are many. The bioactivity, degradation rate, mechanical properties, pore/channel

width, and fabrication method of the host matrix must all be considered.

Cell source

The ideal cell source would be easy to isolate and expand, and would synthesise cartilage
specific ECM components such as aggrecan and type II collagen. Most research is focused on

seeding chondrocytes or stem cells and extensive overviews of cell sources are available (Chung

and Burdick, 2008, Reissis et al., 2016).

Chondrocytes are the obvious choice as they are the native cartilage cell type and therefore
produce, maintain and remodel cartilage ECM in vitro. Problems arise when harvesting due to
low cell numbers, low expansion capacity, and the ease at which chondrocytes can switch
between the differentiated and dedifferentiated phenotype. Despite being the natural cell
source, chondrocytes also have low ability to form hyaline cartilage without additional
stimulation and this ability reduces further with age of the patient (Hidaka et al., 2006). A

further disadvantage to all patients is the loss of healthy chondrocytes from the donor site.

Mesenchymal stem cells (MSCs) have the capacity for chondrogenic differentiation when
exposed to cell signaling molecules which stimulate stem cells to form chondrocytes
(chondrogenesis) and differentiate (Mackay et al., 1998). As MSCs have the ability to self-
renew, their extraction from bone marrow or adipose (fatty) tissue is not detrimental to the
health of the patient (Huang et al., 2005). The induction of chondrogenic differentiation by
growth factors is an extensively researched area due to the complexity of regulating the

proliferation of cells and ECM production. To complicate this further, different signals are
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required for MSCs originating from different sources, however once tuned, growth factors can

induce chondrogenesis in MSCs (Ahmed and Hincke, 2010, Chung and Burdick, 2008).

Cartilaginous matrix triggers

Stimulation of ECM production can be achieved by various triggers. Chemical stimulation,
such as the application of growth factors (Fortier et al., 2011, Ahmed and Hincke, 2010,
Chung and Burdick, 2008), and mechanical stimulation of cell seeded constructs (Bian ez al.,
2010, Wagner et al., 2008, Kawanishi et al., 2007) are both recognised as highly effective
methods to produce high quality cartilaginous matrix. The induction of chondrogenic
differentiation has been discussed in reference to MSCs, but can also enhance ECM production
of chondrocytes. Mechanical stimulation of cells seeded in a host matrix also enhances hyaline
tissue regeneration by exposing the differentiating chondrocytes to ‘normal’ loading conditions
which leads to an increase in ECM production, proliferation of cells and improved

compressive properties of the engineered tissue.

Both of these initial options are cell-focused and complex due to the huge number of
combinations of growth factors and types of stimulation that can be applied. They tend to be
used in combination with low bioactivity materials where the host matrix itself does not

impart any signaling to the cells.

Cell-free biomaterials

Autologous matrix-induced chondrogenesis (AMIC) is a novel cartilage repair technique which
avoids the need to pre-seed cells and is performed in a single surgery. Cells are released
through microfracture immediately prior to implantation and fixation of the scaffold.
Currently collagen scaffolds are the main focus of this technique (Makris et al., 2015). To
create a host matrix that stimulates chondrogenesis, the main two things to consider are the
attachment sites and stiffness. Cell attachment to the matrix is essential to anchor cells in
position. The use of ECM components in the matrix is well known to enhance cell attachment
and increase ECM production due to the availability of native binding sites that are recognised
by the cell surface (Fan et al., 2006 , Chung et al., 2009, Spiller et al., 2011, Yamaoka et al.,
2006). Once attached to the matrix, the internal filaments of the cell maintain the cytoskeletal
tension and detect the stiffness of the substrate. The stiffness of the attachment site has a
strong influence on the efficiency of chondrocyte differentiation and can even induce
dedifferentiation when conditions do not match native ECM (Allen et al., 2012). This is the

cause of dedifferentiation during chondrocyte expansion.

26



The cartilaginous matrix triggers of concern here are attachment sites and stiffness, which have
a significant bearing on the material choice for the host matrix. A local 3D environment is also

required to enable cell-cell interactions (Kohn and Rossello, 2010, Stokes et al., 2002).
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2.3 Cartilage host matrix options

There are various requirements of a host matrix for cartilage regeneration. Firstly, the material
should be bioactive to provide attachment sites for cells and stimulate differentiation of cells to
form healthy hyaline tissue. The mechanical properties of the matrix should also replicate the
mechanical properties of hyaline cartilage, ideally on both the micro and macro scale. The
degradation rate should be equal to the regeneration rate of the hyaline tissue to allow
mechanical loads to transfer gradually from the matrix to the repaired tissue (Freed et al.,
1994, Bryant and Anseth, 2003). The pore/channel width should be carefully selected to allow
for easy infiltration of cells, but provide a 3D local environment that cells can quickly
populate, therefore reducing the number of cells required and regeneration rate. Finally, the
fabrication method of the host matrix must be selected to incorporate all the elements of the

matrix design. The following sections discuss candidate materials and fabrication methods for

the scaffolds.
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2.3.1 Polymers

Synthetic polymers

Polyesters such as polycaprolactone (PCL), polyglycolic acid (PGA), polylactic acid (PLA), as
shown in Figure 2, and the copolymer polyglycolic-lactic acid (PGLA) are popular choices for
tissue scaffold research. They are biocompatible and biodegradable polymers which are FDA
approved (Huang et al., 2013, Rezwan et al., 2006) and already in use as sutures, tissue
staples, stents, and many other devices. For the application of tissue regeneration, the
degradation mechanism of polyesters is an issue. Polyesters degrade via hydrolytic chain
scission which results in formation of carboxylic acid groups and reduces the local pH.
Degradation continues rapidly in the self-catalysed acidic conditions and mechanical properties
drop off sharply (Eglin ez al., 2009). This produces unstable scaffolds and a damaging acidic

local environment that can be potentially cytotoxic (Hunziker, 2002).

PLA: o*
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Figure 2. Chemical structure of PLA, PGA and PCL.

Of these polyesters, PCL and variations on PLA have the slowest degradation rate. PCL has
the longest carbon backbone which reduces the prevalence of ester bonds. Both PCL and PLA
are hydrophobic, which prevents water from permeating and hydrolysing the ester bonds
(McCullen et al., 2012). PLA has a central chiral carbon around which the methyl side chain is
positioned to form poly(L-lactide) (PLLA) or poly(D,L-lactide) (PDLA) when the methyl side
chain on the monomers alternates across the chiral centre. The regularity of PLLA results in a

highly crystalline polymer that takes years to completely biodegrade.
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Slower degrading scaffolds are preferable to fast degrading scaffolds as mechanical integrity is
maintained throughout the healing process allowing thick, homogeneous ECM to be deposited
(Chung et al., 2009, Solchaga et al., 2005), however, degradation cannot be infinitely slow.
Scaffold degradation allows further integration and remodelling of the regenerated tissue
(Bryant and Anseth, 2003, Chung et al., 2009). Further negatives when considering polyesters
are that for crosslinking, the active groups are the end groups, hence increased crosslinking can
only be achieved by reducing the molecular weight, which increases degradation rate. Most
importantly, despite FDA approval and biocompatibility, polyesters have low bioactivity in

comparison to native ECM polymer (Cai et al., 2013).

Native ECM polymers

As mentioned, polymers native to ECM can provide cell attachment sites and relay biological
information to the cells to stimulate differentiation (Hunziker, 2002, Cai et al., 2013, Spiller et
al., 2011, Yamaoka et al., 2006, Fan et al., 2006, Wang et al., 2016). Collagen is therefore an
obvious choice for cartilage tissue scaffolds as the structure of cartilage ECM is provided by
collagen Type II and can be remodelled by chondrocytes. Collagen however is highly insoluble.
It can only be dissolved in acetic acid at low concentrations due to the triple helix structure
(O'Brien et al., 2004), which limits the mechanical strength and degradation rate of collagen
matrices. Furthermore, collagen has the potential to transfer diseases and may cause an

immune response when sourced from other species.

Gelatin is hydrolysed collagen which means the complex conformation is lost, but biological
signals from the amino acid sequences are retained (Lien et al., 2009, Farris et al., 2010). This
allows for high solubility in water whilst still resembling the native ECM protein and
providing native cell attachment sites. In this denatured form, concerns of immunogenicity and
pathogen transmission are avoided and the ease of extraction from a number of different

sources makes gelatin commercially available at low cost.

Gelatin has a gel transition temperature at 30°C so is soluble iz vivo due to a thermo reversible
conformational disorder-order transition of the gelatin chains stabilised by hydrogen bonds
(Bigi et al., 2002). Gelatin must therefore be crosslinked to prevent instability. Like collagen,
gelatin is made up of amino acids which exhibit functional side groups: hydroxyl -OH, amine -
NH, and carboxylic -COOH, which can be utilised for crosslinking. Polymers with functional
side groups rather than functional end groups, have a distinct advantage as the degree of
crosslinking is independent to the molecular weight (Valliant and Jones, 2011). In addition,
crosslinked gelatin degrades linearly by enzyme action known as proteolysis, which avoids the

sharp drop-off in stability typical of polyesters.
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Different sources and extraction methods of gelatin produce different characteristics such as
gel strength, viscosity, setting behaviour, ability to crosslink and susceptibility to protease
attack. The two main gelatin types are Type-A (acid treated) and Type-B (alkali treated).
Bovine and porcine sources are most commonly available. In a hydrogel study involving
different gelatin types and methods of crosslinking, Type-A porcine crosslinked most readily
and there was good correlation between the number of crosslinks and the degradation (Ozeki
and Tabata, 200S5). In a study comparing molecular weight of gelatin, higher weights resulted
in stronger scaffolds, lower dissolution, and faster gel time of the crosslinked materials

(Mahony et al., 2014).

Gelatin is a low density polyelectrolyte. Depending on the pH, gelatin can have an overall
positive or negative charge due to unequal distribution of carboxyl groups (negative charge)
and amino groups (nitrogen containing bases, positive charge) along the gelatin chain. Porcine
gelatin Type-A has an isoelectric point, pHis,, between 7 and 9, at which the electric charge is
neutral. Gelatin is soluble in polar solutions which provide counter-ions to the charges.
Solvents with a low dielectric constant cannot provide sufficient counter-ions and instead
facilitate ion-pairing between complementary ions along the gelatin chains, and therefore the

gelatin precipitates.

One disadvantage of natural polymers such as collagen and gelatin is the non-uniform
sequence of amino acids. It is not exactly known how many functional groups each polymer
molecule will have so the number of covalent links formed between polymer and silica can
only be estimated. For porcine Type-A gelatin, the proportion of each amino acid present was
defined by Farris et al. (Farris et al., 2010), however variation between batches can be large.
Another consideration is that the market for products containing gelatin from porcine or
bovine sources may be limited by refusal on religious and cultural grounds (Valliant and Jones,
2011). To avoid this, other natural polymers such as agarose or alginate are an option,
however as plant based natural polymers, cell adhesion and degradation rates are an issue
(Hunt and Grover, 2010). To ensure chondrocytes attach and differentiate on the host matrix,

the implant developed here will be based on gelatin.

Crosslinking gelatin

To improve mechanical and dissolution properties, various options for covalent crosslinking
are available due to the array of functional groups exhibited by amino acids along the gelatin
chain: -OH, -NH,, or -COOH. The most common gelatin crosslinking agents are:

glutaraldehyde, EDC, GPTMS, and genipin. Each will briefly be discussed, however it must be
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noted that crosslinking alone is not enough to provide the mechanical properties required of a

cartilage scaffold.

Glutaraldehyde is the most common and efficient crosslinking agent for gelatin. 1 wt%
glutaraldehyde results in 100 % crosslinking with a 20x increase in Young’s modulus. It has
an aldehyde, -CHO, group at both ends of the short chain polymer which covalently bonds to
amine groups on the polymer chain. Glutaraldehyde is easily available, inexpensive and an
efficient crosslinker, however if released due to biodegradation, is cytotoxic (Bigi ez al., 2001,

Skotak et al., 2010).

EDC, 1-ethyl-3-(-3-dimethylaminopropyl)carbodiimide hydrochloride, is water soluble and
reacts with carboxyl groups on the polymer to form an active intermediate. This intermediate
can easily be displaced by nucleophilic attack from amino groups on the polymer and EDC, a
soluble urea derivative, is released as a by-product. To further improve efficiency, N-
hydroxysuccinimide, NHS can be used to stabilise the intermediate against hydrolysis and
allow for more efficient coupling at higher pH. To avoid cytotoxicity, remaining EDC and

NHS must be removed by rinsing (Kim and Kim, 2013, Zhang et al., 2009).

GPTMS, glycidoxypropyltrimethoxysilane is a short chain molecule with an oxirane group at
one end and a trimethyloxysilane group at the other. It has been used to crosslink gelatin via
nucleophilic attack of carboxylic groups on the gelatin molecule to form an ester bond. The
trimethyloxysilane group hydrolyses under acidic conditions to form three silanol groups

which condense to form a covalent bonded bridge between gelatin during solvent evaporation

(Song et al., 2008b, Ren et al., 2001b, Tonda-Turo et al., 2013).

Genipin is a natural plant-derived product that covalently bonds to amine groups, and
although less effective than glutaraldehyde, it is the only non-cytotoxic alternative (Bigi et al.,

2002, Kirchmajer and Panhuis, 2014).
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2.3.2 Cartilage scaffold requirements

To ensure healthy cartilage is produced, a zonal scaffold is required with various requirements
as summarised in Table 2. Considering the material properties, it must be biocompatible,
bioactive and degradable in vivo. To encompass all the requirements, polymers native to
cartilage ECM are the most suitable as they provide binding sites for cell attachment and
trigger differentiation of chondrocytes. Gelatin is the material of choice as it is a denatured
form of collagen so can provide the native cell attachment sites and is highly abundant at low
cost. Gelatin must be crosslinked to prevent the gel-liquid transition i vivo and ensure linear
enzymatic degradation of the scaffold. The crosslinking agent method must also be

biocompatible and improve the inherent mechanical properties of the gelatin.

Table 2. Requirements of a tissue scaffold for cartilage regeneration

Matrix Biological response
property/variable (Hunziker, 2002, Klein et al., 2009, Allen et al., 2012)

Induce no adverse immunological reactions: cytotoxic effects,

Biocompatibility inflammatory responses, foreign body giant cell reactions.

Promote cell attachment and proliferation, provide signals for
chondrocyte differentiation and proliferation, ECM production and
allow scaffold remodelling.

Bioactivity and
adhesion

Controlled degradation rate without cytotoxic or nephrotoxic (toxic

Biodegradability to kidneys) by-products.

Support the engineered tissue with appropriate stiffness and volume

Mechanical properties stability even during degradation and remodelling.

Provide a surface compatible with the extremely low friction surface

Low friction surface ) . . ) : .
of native hyaline cartilage in articular joints.

Interconnected porous | Allow efficient cell seeding, cell migration, ECM migration, diffusion

structure of nutrients and waste products.
Structural anisotropy Promote native anisotropic tissue organisation.
Fabrication Tailorable to the patients’ needs and up-scalable for mass production.

Considering the scaffold properties, the pores and channels should allow for efficient cell

seeding, migration, and diffusion of ECM produced, nutrients and waste products. The
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scaffold should also have a high surface to volume ratio for cell adhesion and be zonal to
increase cell density and ECM production in the superficial layer. The compressive strength,
Young’s modulus, and ability to withstand cyclic loading of the scaffold should match the
properties of native cartilage to share the loading of the body with the host tissue. To stabilise
the scaffold in position, the lower portion of the scaffold must integrate with subchondral

bone in vivo.
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2.3.3 Scaffold fabrication options

Scaffolds can be fabricated in various ways depending on the type of host matrix in question
i.e. a hydrogel or porous dehydrated scaffold. The processing options will be outlined briefly

so that techniques are clear when discussing the host matrix options.

When discussing hydrogels, the main processing method is by forming the hydrogel in situ,
however 3D printing can also be employed. 3D printing combines computer aided design with
robotic layer-by-layer fabrication. In the case of hydrogels, a nozzle based extrusion system
passes hydrogels chemically or thermally through a nozzle in droplets, or continuously, to

deposit layers (Cui et al., 2012, Hollister, 2005, Billiet ez al., 2013, Kundu et al., 2015).

For the porous scaffolds, various options are discussed. Freeze casting, salt/porogen leaching
and again 3D printing are the most popular options. Freeze casting is a process whereby ice
crystals act as the template and the structure can be controlled/orientated by the direction of
freezing, cooling rate, and freezing temperatures. The ice is later removed by sublimation
(Ahmed and Hincke, 2010, Arora et al., 2015). Salt/porogen leaching uses salt crystals or low
melting point particles to act as a sacrificial template. Once the scaffold material has been
infiltrated and solidified/dried, the sacrificial template is removed by dissolving or melting,
leaving behind a porous network in place of the template (Steele et al., 2014, Tanaka et al.,
2010). 3D printing of polymers to produce porous scaffolds often require temperature control
to soften the polymers before extruding through a nozzle to build up the scaffold layer-by-
layer (Woodfield et al., 2004, Sobral et al., 2011).
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2.3.4 Host matrix: hydrogels

Cells can be encapsulated in hydrogels which provide a three dimensional environment similar
to natural ECM. The high water content and crosslinked polymeric structure of hydrogels
make them an important class of material for cartilage regeneration (Spiller et al., 2011,

Hunziker, 2002).

Benefits of hydrogels as a host matrix

The high water content means chondrocytes are more likely to maintain the hyaline spherical
morphology rather than becoming elongated fibrocartilage cells (Benya and Shaffer, 1982,
Rowley et al., 1999). Although the differentiated phenotype is maintained, cell anchorage
remains critical for cell survival to prevent sinking of the cells within the aqueous gel (Cui ef
al., 2012). Native ECM polymers of collagen, gelatin, and hyaluronic acid have therefore
shown increased production of cartilaginous matrix compared to other natural polymer

hydrogels; chitosan, fibrin, agarose, alginate (Hunt and Grover, 2010).

Solutions of polymer and chondrocytes can be injected directly into the defect site to fill the
defect volume, and form the hydrogel in situ. This provides a minimally invasive treatment
option, however it provides no organisation to the cells (Spiller et al., 2011). Other than
lowering cell numbers required, it has little benefit over ACI. To overcome the issue of cellular
organisation, steps have been taken to recreate the zonal structure of cartilage by creating
multilayer hydrogel structures which separately encapsulate cells from the superficial, middle
and deep zones (Kim et al., 2003). To create zones and optimise the distribution of cells

through the hydrogel, 3D printing has a lot to offer.

3D printing cells encapsulated in hydrogels

The most exciting development for hydrogels is that advances in 3D printing have allowed
chondrocytes themselves to be 3D printed whilst contained within a hydrogel (Mannoor et al.,
2013, Cohen et al., 2006, Cui et al., 2012). This is an excellent breakthrough for regenerating
whole organs such as the 3D printed bionic ear developed by Mannoor et al. which combined
structurally supported cells with electronic elements (Mannoor et al., 2013). Cells can be
distributed across the scaffold as required which prevents inhomogeneous seeding issues in
large scaffolds and allows the incorporation of different cells in different regions (Cui et al.,
2012). The stress exhibited when passing the cells through a nozzle is known to harm the cell
viability (Schuurman et al., 2011), though viability can be improved by reducing the
dispensing pressure and using cylindrical rather than conical needles (Billiet et al., 2013,

Kundu et al., 2015).
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Despite the positive results of cell morphology maintenance and precise distribution of cells
throughout the matrix, hydrogels come with their downsides. The concerns are mainly

directed towards the mechanical properties and iz situ crosslinking mechanisms for hydrogels.

Mechanical properties and crosslinking of hydrogels

Regardless of the natural polymer choice or crosslinking method, hydrogels typically have low
mechanical strength, and low stiffness (Kuo and Ma, 2001). Hydrogels with dual polymer
networks and both permanent and ionic crosslinks are shown to significantly improve these
properties (Hong ez al., 2015, Norton et al., 2014, Sun et al., 2012b, Gong et al., 2003,
Kirchmajer and Panhuis, 2014). A gelatin based hydrogel was developed by Kirchmajer et al.
with up to 1.1 MPa compressive strength and a Young’s modulus of 0.4-0.9 MPa, through
creating covalent crosslinks between gelatin using genipin, and creating a co-network with
gellan gum, ionically crosslinked using CaCl,. Considering the compressive strength of gellan
gum is ~360 kPa and gelatin is ~20 kPa, the effects of combining the two and adding
crosslinks was very effective, however compressive failure strength of 1.1 MPa is still well

below that of hyaline cartilage. These hydrogels were produced without the inclusion of cells.

Crosslinking gelatin with cells encapsulated is a problem and many hydrogels discussed have
either not encapsulated cells and just reported hydrogel properties, or have not reported on the
cell viability after crosslinking (Kuo and Ma, 2001, Kim et al., 2003). Covalent crosslinking
agents are often toxic to cells and therefore not suitable in situ (Kuo and Ma, 2001), whereas
ionic crosslinks cannot provide the necessary mechanical properties. Photopolymerisation
using visible light or UV light results in cell death, as low as 26 % viability in some cases
(Hoshikawa et al., 2006). 3D printed hydrogels can improve the cell viability when UV
exposure is applied in short bursts to the as-printed gel, rather than the required long exposure

times to crosslink the entire bulk (Cui et al., 2012).

Another issue with highly crosslinked hydrogels is that the diffusion of the ECM components
and cells are affected by the mesh size of crosslinked polymer (Bryant and Anseth, 2003),
therefore diffusion efficiency within the hydrogel is reduced by attempts to increase the

mechanical properties and degradation rates.

3D printing PCL-hydrogel scaffolds

To avoid crosslinking while improving mechanical properties, cells encapsulated in hydrogels
have been 3D printed alongside PCL 3D printed constructs (Kundu et al., 2015, Kim et al.,
2016). PCL is a well-established 3D printing material and provides the strength, though
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scaffold stiffness is considerably higher than hyaline cartilage at 6 MPa (Schuurman et al.,
2011).

Overall, there is a lot of interesting research into hydrogels for cartilage regeneration,
particularly with the introduction of 3D printing to the field. As the key requirements are;
bioactivity, mechanical properties, degradation rate and ease of infiltration and diffusion,
hydrogels are unable to achieve these simultaneously. Using them inside structural scaffolds
could be a viable strategy, however if the structural scaffold has suitable surface chemistry and
the pore networks allow cell-material interactions, the need for the hydrogel component would

be negated.
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2.3.5 Host matrix: porous tissue scaffolds

Tissue scaffolds are defined here as un-hydrated implants which aid native tissue regeneration.
Compared to hydrogels they can provide improved mechanical properties and diffusion
channels. The porosity, interconnectivity, strut dimensions and stiffness all strongly affect the
proliferation and morphology of chondrocytes, so designing a tissue scaffold is complex
(Nuernberger et al., 2011, Kelly and Prendergast, 2006, Genes et al., 2004, Lien et al., 2009).
By varying the structure and composition of the scaffold, it is hoped the mechanical strength

and degradation can be tuned.

Pore/channel size and interconnectivity

Traditionally ‘sponge-like’ cartilage tissue scaffolds have been made using porogen leaching
techniques and freeze casting, so the first question when designing a scaffold is; what is the
required pore size? A balance is required between large pores which allow easy infiltration of
cells and diffusion of nutrients, waste, ECM components; and small pores which provide more
cell attachment sites and promote differentiation due to the 3D environment provided (O'Brien
et al., 2005, Steele et al., 2014). There is considerable contradiction in the literature as to the
ideal pore size for cartilage scaffolds, due to the differences in interconnect size, which cannot

easily be controlled independently of pore size.

There is strong support for cartilage tissue scaffolds with a 300-400 pm pore size. Salt leached
PLLA scaffolds produced by Tanaka et al. with pores sizes of 300-900 pm and ~95 % porosity
were compared and 300 pm found most effective (Tanaka et al., 2010). 400 pm pore size
scaffolds were again supported by Steele et al. (Steele et al., 2014) who concluded 0.03 mm’
porogen scaffolds (~400 pm pore size) yielded higher proteoglycan levels compared to 1 mm’
porogen scaffolds (~1200 pm pore size) during in vitro culture of bovine chondrocytes.
However interconnect size was not described. Lu et al. (Lu et al., 2010) compared collagen
sponges produced by ice particulate templates with the pore sizes: 180 pm, 400 pm, and 700
pm and varying interconnectivity. Overall, the 400 pm pore size scaffolds with large
interconnects resulted in more homogenous cell adhesion and distribution than 180 pm and
700 pm pore size, however the 400 pm pore size scaffold with small interconnects resulted in
the worst GAG/cell ratio. Even smaller pores, 60-80 pm have shown increased GAG/cell
synthesis by Mandal et al. (Mandal et al., 2011), however these pores can be considered as
direct channels due to formation by a highly directional freeze drying. This confirms that the
size of interconnects between pores is the limiting factor for cell infiltration and diffusion, and

is therefore more important than pore size.
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When developing sponge-like scaffolds, optimisation of the spherical pore size and
interconnectivity to allow for a uniform distribution of attached cells is the main challenge.
The tortuous path to reach the centre of the scaffold prevents full thickness regeneration due
to pores being blocked with cells during seeding and build-up of toxic waste products (Malda
et al., 2005, Vunjak-Novakovic et al., 1998). To overcome this, dynamic seeding (flowing or
mixing of cell suspension) has been developed, however 3D printing offers an alternative

solution.

3D printed scaffolds

Recent developments in 3D printing allow for greater control of the porosity. This is
important as the switch from spherical pores with small interconnects to direct channels
removes the tortuous path to reach the centre and improves cells seeding efficiency and ECM

distribution.

Malda and Emans et al. compared 3D printed scaffolds to particulate leached sponges with the
same composition and porosity (Malda et al., 2005, Emans et al., 2013). Both scaffolds were
~100 % interconnected, but the difference in interconnects gave very different cut-off values
(pore size at which accessibility dropped below 90 %), ~120 pm for the leached sponges and
~680 pm for the 3D printed scaffold. Despite the large channel width of the 3D printed
scaffold, the composition of the regenerated cartilage in vitro and in vivo was enhanced in
comparison to the sponge-like scaffold, again proving the importance of large interconnects.
Sobral et al. found that cell density was affected by gravity when PCL channel widths were
large, 750 pm, but the effect was almost negligible when channel width was reduced to 100
pm (Sobral ez al., 2011). Therefore smaller pores encouraged cell retention, though the cell

redistribution may have been enhanced by the low levels of cell attachment to the PCL

scaffolds.

Conclusion on pore morphology

Spherical 300-400 pm pores allow good cell infiltration and ECM formation based on
‘sponge-like’ scaffolds where the pore size strongly affects the interconnect size and cell
infiltration. Larger pores are unfavourable due to the reduced surface area and therefore
reduced binding sites available (O'Brien et al., 2005) which reduce cell attachment, so uniform
distribution of ECM throughout the scaffold is not achieved. 3D printing can improve the
diffusion efficiency and cell infiltration by providing direct channels throughout, which are
shown to improve tissue regeneration in comparison to scaffolds synthesised by traditional
routes with the same porosity and interconnectivity (Malda et al., 2005). Therefore smaller,

direct, 3D printed channels can be used to provide the 3D environment to the differentiating
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cells without being limited by interconnect size. Though the literature is limited and
contradictory, 200-300 pm channels of porosity seem appropriate for cartilage tissue

regeneration when using a bioactive material.

Zonal scaffolds

To encourage a natural distribution of cells and generate high cell density in the superficial

zone, the scaffold must be tailored for the regeneration of each hyaline cartilage zone.

The zonal organisation of cartilage has been mimicked by tissue scaffolds and proven to
promote inhomogeneous, zonal distribution of cells, GAG, and collagen Type II. A variety of
fabrication routes have been employed to achieve this: 3D printing (Woodfield et al., 2005),
freeze drying (Arora et al., 2015), porogen leaching (Steele et al., 2014), and electrospinning
(McCullen ez al., 2012). For example, Woodfield et al. 3D printed scaffolds with an
orthogonal array of struts but with decreasing spacing, from 2-0.5 mm, towards the top of the
scaffold (Woodfield ez al., 2005). This increased ECM density in the smaller pores at the top
of the scaffold mimicking the native ECM organisation, however as discussed, smaller channel
widths are required to encourage the formation of a superficial zone with the cell and ECM

densities native to hyaline cartilage.

Electrospinning

A combination of scaffold fabrication methods have been used to provide the requisite
properties to each zone. Electrospinning is a cheap and easy fabrication method to produce
sub-micron fibres (Chen et al., 2008), and can provide a low friction surface and increase the
density of cells by entrapment. The small contact points prevent cells from lying flat on a
surface and instead the cells are suspended and attached to a number of fibres in the
surrounding network. This mimics the natural morphology of collagenous extracellular matrix
and discourages dedifferentiation (Stevens and George, 2005, Nuernberger et al., 2011, Li et
al., 2006).

Electrospinning has been used to generate zonal scaffolds with depth-dependent fibre widths
and pore sizes (McCullen et al., 2012). Chondrocytes were seen to align on aligned fibres and
spread on random fibre orientations. Collagen and GAG distribution was higher in the deep
zone (5 pm fibres with 170 pm pore size) compared to the middle zone (1 pm fibres and 12 pm
pore size). As 12 pm is similar to the size of a chondrocyte, ~20 pm, the cell migration and

nutrient transport across the middle zone was poor, preventing hyaline tissue regeneration.

Steele et al. (Steele et al., 2014) utilised a combination of scaffold fabrication methods;

porogen leached scaffolds for the deep and middle zones, and aligned electrospun fibres for the
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superficial zone. The aligned electrospun layer was designed to increase cell density, reduce
friction, and improve tensile strength across the surface. Although the fibres successfully
entrapped cells on the surface, infiltration into the fibre layer was limited. This is typical of
electrospun fibres. The small spacing between fibres prevent cell infiltration, so cells and ECM
tend to remain on the surface (Chen ez al., 2008, Ren et al., 2010, Song et al., 2008b, Gao et
al., 2013a, Zhang et al., 2008). To avoid this, 3D cotton wool-like fibres were produced by
Poologasundarampillai et al. and were shown to allow cell attachment and migration within
the fibre network (Poologasundarampillai et al., 2014a). For cartilage in particular, 3D

electrospun fibres are of interest to provide a conformable cartilage surface.

Mechanical properties

Controlling the mechanical properties of the scaffolds produced using the traditional routes is
difficult as strength is dependent on porosity, however Arora et al. were able to tailor
mechanical properties through the alignment of freeze dried channels (Arora et al., 2015).
Channels aligned vertically in the deep and middle zones had ~3x the compressive strength of
channels aligned horizontally in the superficial zone, however values were low, 2-7 kPa due to

the very thin chitosan-gelatin walls.

3D printing can offer significant improvements to the mechanical properties through control
of the strut width, channel width, and strut orientation (Giannitelli et al., 2014). Combining
these properties and 100 % accessible volume to cells, 3D printing is an excellent choice for
tissue scaffolds, however the materials options available for 3D printing are limited. Currently
in the literature, the materials being 3D printed for cartilage tissue scaffolds are synthetic
polymers with high stiffness, slow degradation rates and low bioactivity (Woodfield et al.,
2005, Malda et al., 2005, Emans et al., 2013, Sobral et al., 2011). The material must have an
inherent stiffness between 0.5-1 MPa to retain the differentiated hyaline cartilage cells, as a
higher or lower Young’s modulus will invoke dedifferentiation to fibrocartilage (Allen ez al.,
2012). Therefore, a new 3D printing ink based on gelatin will be developed here to make use

of 3D printing technology in this field.
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2.3.6 Hypothesised cartilage scaffold design

In this work, 3D printing and electrospinning were selected to generate a zonal cartilage tissue
scaffold as seen in Figure 3 to regenerate mechanically stable and zonal hyaline cartilage in
vitro. The electrospun layer aims to provide a conformable surface and increased cell density
to mimic the superficial zone. Fibres must be small compared to cells, e.g. ~1 pm, and pore size

must be greater than 50 pm to allow full infiltration of cells and ECM across the layer.

The 3D printed region aims to provide the mechanical properties and stability through
integration with subchondral bone. A 90° mesh structure was selected to impart compressive
strength by alignment of the struts and 200-300 pm channel width was selected to allow
efficient cell seeding and diffusion, yet provide a 3D environment preferential to differentiating

cells.

<—Electrospun layer

3D printed scaffold
< 200-300 pm channels

Figure 3. Cartilage tissue scaffolds made by 3D printing and electrospinning.

To combine all the materials properties with the scaffold design, a new gelatin ink is required
for 3D printing mechanically strong and stable scaffolds. To reduce the dissolution rate of
gelatin, crosslinking agents suffice, but to increase the mechanical strength up to the levels

required, a secondary component is required.

43



2.4 Strengthening and controlling degradation using sol-gel

hybrids

Hybrids can potentially improve mechanical properties by the incorporation of a silica
network into the polymer using the sol-gel process. Unlike composites and nano-composites
(Maquet et al., 2004, Marelli et al., 2011, Mozafari et al., 2010), the components of a hybrid
cannot be distinguished above the nanoscale and appear as a single material for cell
attachment. This molecular level interaction allows control over the congruent degradation
rate and mechanical properties by altering the composition (Mahony et al., 2010, Novak,

1993).

There are two classes of hybrids that are made by incorporating a ready formed polymer,
termed Class I and Class II. They are differentiated by the interactions between the inorganic
and organic molecules as shown schematically in Figure 4. Class I hybrids use polymers to
mechanically entangle with the inorganic, usually silica, network. Any strength comes from
molecular entanglements, weak hydrogen bonds and Van de Waals forces (Allo ez al., 2010,
Poologasundarampillai ez al., 2011). To improve strength and reduce dissolution rates, Class II
hybrids were developed with covalent bonds linking the interpenetrating networks of inorganic
and organic phases (Novak, 1993, Mahony ez al., 2010). This requires an additional stage of

chemistry to functionalise the polymer by reacting it with a coupling agent.

a) b)
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Figure 4. Schematics of a) Class I hybrids and b) Class II hybrids with organic and inorganic coupling.

Class II silica-gelatin hybrids developed by Mahony et al. showed very promising mechanical

and dissolution results using GPTMS as the coupling agent (Mahony et al., 2010), and
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properties were adjustable depending on the ratio of organic to inorganic components and
degree of coupling. The adjustable composition is also interesting for cartilage regeneration as

the hybrid must be adapted for fabrication via 3D printing and electrospinning.

To fully understand the formation of hybrid materials and why GPTMS was kept as the

coupling agent of choice, the sol-gel process and role of the coupling agents must be explained.

The hybrid sol-gel process

The hybrid sol-gel process is a room temperature chemical reaction that assembles silica
nanoparticles to form an inorganic crosslinked structure, a sol-gel, which can incorporate
polymers as the network forms. The polymer must therefore be soluble in the sol-gel process to

form a hybrid, a requirement that gelatin fulfils.

The silicate precursor is tetraethylorthosilicate (TEOS) which can be hydrolysed to form
Si(OH)4. The hydrolysed TEOS molecules condense, as seen in Figure 5, and as the Si-O-Si
bonds form and create a wet gel network, the polymer is introduced. As the sol-gel network

develops, nanoparticles form and coalesce, trapping the polymer within the extending glass

network (Mahony, 2010).

TEOS hydrolysis:
OC,Hs OH

C,HO——Si——O0C,Hg + 4H,0 —>»  OH——Si——OH + 4C;HgOH

OC,Hs OH

Condensation of silica network:

OH (|)H (|)H (|)H
OH—Ti—OH + OH—Ti—OH — OH Ti O S|i OH + H,O
OH OH OH OH

Figure 5. Formation of a silica sol-gel network

The rate of condensation of the sol-gel network can be controlled by the pH and additives
such as HF which forms a complex and increases the coordination number of the silicon
(Brinker, 1988, Mahony et al., 2010). By controlling the rate of sol-gel condensation and
hence gelation of the hybrid, 3D printing of sol-gel solutions is possible (Yun et al., 2007, Gao
et al., 2013b).
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Coupling agents

Coupling agents are covalent bridging molecules that bond between organic and inorganic
components in Class I hybrids (Mahony et al., 2010). They are typically short chain molecules
containing alkoxysilane groups on one end to join the silica network, and a functional group
on the other which is susceptible to nucleophilic attack from groups such as -OH, -COOH and
-NH,, all of which are present on gelatin molecules. The functionalised polymer can then

covalently bond with the sol-gel network to form a hybrid.

GPTMS
The silica-gelatin Class II hybrids developed by Mahony et al. used GPTMS as the coupling

agent. It has an oxirane ring and three methoxysilane groups at either end of the molecule. As
shown in Figure 6, under acidic conditions, the C-O group in the epoxy ring becomes
protonated and the negative -COOH groups on the polymer bond with the epoxy ring via
nuceophillic attack. At the other end of the molecule, the methoxysilane groups hydrolyse and
the GPTMS molecule can condense into the sol-gel network (Gabrielli et al., 2013, Valliant
and Jones, 2011, Mahony et al., 2010, Ren et al., 2002).

O—CH;
)I\ 7/\0/\/\& + 3H,0
C)'CH3
CH3
OH HO  oH
— OYO\)\/O\/\/S{ + 3CHZ0H
d OH

Figure 6. Functionalisation of a polymer with -COOH group using GPTMS.

The polymerisation of the organic and inorganic networks is a competitive process (Innocenzi
et al., 1999) and studies have shown that pH must be tightly controlled in order to control the
kinetics of GPTMS (Gabrielli et al., 2013). In basic conditions, e.g. pH 11, the methoxy
hydrolysis is very slow but condensation is rapid once hydrolysis has occurred, whereas the
remaining epoxide ring is unreactive. At low pH, e.g. pH 2, the silanol groups form rapidly
and condensation begins within 30 minutes, resulting in oligomer formation. Hydrolysis of the
oxirane is not prevalent until 3 h later, allowing time for functionalisation with gelatin to
occur, however the degree of functionalisation is limited by the GPTMS position in an
oligomer and hence less crosslinks can form. At neutral pH, the results are similar to the acidic

case, however all reactions take place at a slower rate. The condensation reaction remains
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dominant while the epoxide hydrolysis is almost negligible. It has been concluded that pH 5 is
needed to functionalise polymers via nucleophilic attack to avoid oligomer formation before
the hydrolysed TEOS is introduced. This pH is convenient when using GPTMS to functionalise
a polymer, particularly those derived from natural sources, as a pH close to 7 is required to
maintain the integrity of the polymer. It is important to note that the oxirane group of GPTMS
is known to be cytotoxic and hence must be fully reacted with the polymer or hydrolysed for

biological applications.

Alternative coupling agents

An alternative to GPTMS is ICPTS, (3-isocyanatopropyl)triethoxysilane, which when
hydrolysed has three silanol groups and a isocyanate group, -NCO, to interact with hydroxyl
groups of a polymer in the presence of a catalyst, DABCO, 1,4-diazabicyclo[2,2,2,]octane
(Rhee et al., 2002). The main disadvantage of ICPTS is that anhydrous solvents must be used,
as ICPTS is preferentially reactive towards H,O. Gelatin is not soluble in anhydrous solvents,
hence this functionalisation method is unsuitable. Additionally, unreacted isocyanate groups
are extremely dangerous and have the tendency to link with DNA molecules so careful

purification is required, particularly for biomedical applications.

EDC, APTES and NHS have also been used in combination to functionalise polymers for
hybrids (Hosoya et al., 2004, Rowley et al., 1999). As previously described for gelatin
crosslinking, EDC, 1-ethyl-3-(-3-dimethylaminopropyl)carbodiimide hydrochloride, is water
soluble and reacts with carboxyl groups on the polymer to form an active intermediate. The
intermediate is displaced by nucleophilic attack from primary amino groups, -NH,, and EDC
and is released as a by-product. APTES, 3-aminopropyltriethoxysilane is added to provide
these amino groups and form stable bonds with the ‘activated’ carboxylic groups on the
polymer. APTES also provides the silanol groups at the other end of the molecule to condense
into the sol-gel network. This crosslinking method is most efficient at pH 4.5 and must be
performed in buffers. To further improve efficiency, N-hydroxysuccinimide, NHS can be used
as it stabilises the intermediate against hydrolysing and allows for more efficient coupling at
higher pH. This coupling agent has proved successful using PLLA (Maeda et al., 2006),
however when using gelatin, the hybrid formation becomes difficult to control as nucleophilic
attack from primary amino groups is provided by both APTMS and from the gelatin itself. The
degree of coupling, and therefore the control over mechanical and dissolution properties is

therefore not entirely controllable.
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2.5 Silica-gelatin hybrid scaffolds

The silica-gelatin hybrid developed by Mahony et al. showed excellent biocompatibility and
bioactivity. The mechanical properties and dissolution rate of the hybrids were controlled by
the amount of coupling and ratio of gelatin to sol-gel (Mahony er al., 2010), and here
composition adjustments can be further utilised to design inks for 3D printing and

electrospinning.

HF Foaming method

The scaffolds developed by Mahony et al. were produced using a sol-gel foaming process
followed by freeze-drying as seen in Figure 7. Firstly, the gelatin and GPTMS were mixed at
40°C, at pH 4.4 to allow functionalisation to occur through nucleophilic attack of the GPTMS
oxirane by gelatin -COOH groups. The molar ratio of GPTMS to gelatin is described as the C-
factor. A second solution was prepared to hydrolyse TEOS with a water/HCI volume ratio of 3
and R-ratio of 4. The R-ratio is the HyO/TEOS molar ratio and 4 was selected to provide one
water molecule to hydrolyse each ethoxy group (Brinker, 1988). To form the hybrid, these two
solutions, functionalised gelatin and hydrolysed TEOS were combined and stirred on a
hotplate at 40°C. Prior to foaming the scaffolds, surfactant and HF was added. HF initiated
rapid condensation of the silica network and the surfactant stabilised the formation of bubbles
in the liquid. After a few minutes the hybrid reached a critical stage in the condensation after
which further foaming would cause collapse of the foams. Prior to this critical stage, the foams
were poured into a container and sealed. The foams were then aged at 40°C to allow further

condensation to take place and then freeze dried.

Figure 7. Hybrid silica-gelatin sol-gel hybrid {30 wt% gelatin with C-factor 1000) foamed scaffold for
tissue regeneration; a) X-ray micro-computed tomography image, b) SEM image. Scale bar is 500 pm

for both. Reprinted with permission (Mahony et al., 2010).
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Cell viability

As sol-gel hybrid synthesis occurs at low temperature, so as not to damage the organic
components, cytotoxic by-products such as methanol, ethanol and unreacted oxirane were a
concern as they must be removed by means other than burning out at high temperature. Freeze
drying was expected to remove any remaining unreacted small molecules and solvents. To
assess the cytotoxicity, human bone marrow derived mesenchymal stem cells (MSCs) were
cultured on the foamed scaffolds. The LIVE/DEAD cytotoxicity assay showed that varying the
wt% of gelatin and the C-factor had little effect on the viability of the cells after 7 days despite
the presence of an oxirane peak in the FTIR data for C-factor 1500 foams. Cell attachment
and morphology did vary with C-factor: 0, 500 and 1500. High C-factors induced the most
cell attachment, better cell adhesion, and the most defined cellular organisation. Increased
gelatin content, 60 wt% rather than 30 wt%, promoted cell proliferation over the 7 day
culture period and demonstrated improved cell morphology. All the scaffold compositions
were shown to be biocompatible and non-cytotoxic however, high C-factor and high gelatin
content foams had the most promising cell results in terms of metabolic activity. However, the

differentiation pathway of the MSCs was not investigated.

Mechanical properties and dissolution

The foaming process was able to incorporate up to 90 % porosity with the ultimate
compressive stress ranging from 23 KPa to 60 KPa with increasing silica content. Increasing
the C-factor also improved the compressive strength of the foams. For example, scaffolds with
60 wt% organic component showed a 360 % increase in stiffness by doubling the C-factor.
However scaffolds with the same Young’s modulus of cartilage, 0.5-1 MPa, had compressive
strengths three orders of magnitude lower than cartilage. The dry mechanical properties of
these hybrids were of interest for cartilage regeneration as they showed excellent properties
under cyclic loading, but wet properties were not measured. The low strength was due to their
high porosity, but it was not possible to reduce the porosity during the foaming process. An

alternative scaffold process is needed, such as 3D printing.

A dissolution study revealed the total mass loss could be reduced from 15 % to less than 1 %
by increasing the C-factor from CF250 to CF1500. It is hoped that by 3D printing, scaffolds
with thicker struts and suitable C-factors will increase the compressive strength of the scaffolds

and retain adequate properties during dissolution.
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2.6 3D printing silica-gelatin hybrids

3D printing has recently come to the forefront of tissue scaffold fabrication as it allows
unrivalled control of the scaffold architecture and can produce bespoke scaffolds. 3D printing
provides the opportunity to generate 90° grid scaffolds with direct channels. This structure
provides mechanical strength and efficient diffusion and cell infiltration channels due to the
alignment of struts. The material of choice was silica-gelatin hybrids coupled by GPTMS due
to the adjustable composition and excellent bioactivity (Mahony, 2010). To 3D print silica-

gelatin hybrids, the condensation must be controllable and rapid gelation avoided.

The schematic in Figure 8 demonstrates how extrusion-based 3D printing (robocasting)
operates schematically. The scaffold design is generated using computer software and from this
a G code file is generated by the 3D printing deposition path software. The code dictates the
motion of the 3D print head to achieve the structure designed. Signals are then sent to the
motors controlling the x and y motion of the print head, and z motion of the deposition table.
At the same time as the deposition path signals are sent to the x, y and z motors, signals are
also sent to extrude the material. The extrusion/deposition rate is controlled by the force
applied to the syringe plunger. The plunger is compressed at a particular rate to force the

material out of the syringe and through the attached nozzle.

Controlled force

—>
< Plunger
Computer S Em
-
- < Syringe
Deposition
ath software—— o
b i < Hybrid
X-y-x motar
driver % <—— x-y controlled print head
| < Nozzle
<— z controlled deposition table

Figure 8. Schematic of a 3D printer (robocaster).
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Materials parameters

To directly print silica-gelatin hybrids, the process is most similar to 3D printing hydrogels. It
must be fluid enough to pass through the nozzle, yet retain the 3D structure deposited as layers
are added. These printing properties can arise from viscoelasticity (Gao et al., 2013b) or from

gel strength (Mannoor et al., 2013).

3D printing parameters

All the parameters involved in 3D printing affect each other. Nozzle size, deposition rate and
print speed all affects strut width, and the achievable strut width affect the strut separation.
The limitations in strut width affect the design of the scaffold, which in turn affects the
mechanical properties. Larger struts and smaller channels maximise compressive strength,
however this reduces porosity and diffusion/seeding efficiency, so a balance between strength

and channel width must be found.

The strut width is limited by the material viscosity as higher viscosity materials cannot flow
though the same nozzle diameter through which lower viscosity materials can flow. Viscosity
also effects strut separation, the rigidity of the struts suspended on struts below dictates how

far apart the struts can be to avoid sagging.

The print speed and deposition rate must allow for continuous flow of the printing material to

avoid aggregation and breakage of struts.
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2.6.1 3D printing silica-gelatin hybrids

In the literature, there has only been one attempt, by Gao et al., to 3D print silica-gelatin
hybrid materials. Gao et al. (Gao et al., 2013b) used a different hybrid processing method to
Mahony et al. (Mahony et al., 2010). Rather than functionalising gelatin separately to
hydrolysing the sol and combining the two once the separate reactions are complete, the
gelatin was dissolved directly in the sol-gel precursor solution. The material was printed as a
Class I hybrid after degassing and aged for 12 h at 37°C to achieve the required viscosity for
printing. GPTMS was not used by Gao et al. as it caused rapid gelation which was

incompatible with 3D printing.

3D printed 90° mesh scaffolds were fabricated by robocasting with a nozzle diameter of 510
pm. After forming, the scaffolds were dried in a vacuum then immersed for 12 h at 4°C in 95
% ethanol, EDC, NHS solution to crosslink the material. To hydrolyse any remaining EDC or
NHS, the scaffolds were then immersed in sodium phosphate and following this, were washed.
Gao et al. claimed to have ‘crosslinked the gelatin and silicate BG chains’, however it appears
that in fact the gelatin was simply crosslinking around the bioactive glass as no APTES or any
other organic-inorganic bridging molecule was added. This would explain the improvement in
the dry compressive strength of scaffolds with crosslinking (5.5 MPa) and without crosslinking
(3.75 MPa). However the huge degree of swelling, 440% of dry weight absorbed in 2 h,

suggests the degree of crosslinking was low.

The resultant scaffold structure was re-immersed in aqueous medium to replicate in vivo
conditions, and ~510 pm strut widths and ~1.2 mm channel width were measured. The
compressive strength was found to be ~0.7 MPa which is two orders of magnitude lower than
cartilage tissue. Overall this paper gave little information regarding the dissolution rates or
degree of silica network connectivity of the hybrid. The large degree of swelling, drop in
mechanical properties, and Class I nature, suggested the majority of the silica was lost from
the scaffold when immersed in aqueous medium as it was not covalently bonded to the gelatin

network and the open gel structure would have allowed for high release rates.

The main point to take from this paper by Gao et al. was that GPTMS, as well as HF, can
induce rapid gelation of silica-gelatin hybrids. However, a Class II hybrid must be formed to
retain the sol-gel network and mechanical properties of the scaffolds. A new hybrid method
must be developed to avoid rapid condensation of the network before printing whilst retaining
high network condensation, as this is ultimately going to improve the dissolution rate and

compressive strength of the scaffolds in vitro and in vivo. Considering the incompatibility with
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3D printing of the method used by Gao et al. when GPTMS was added, a HF-free version of

the method used by Mahony et al. was expected to be a better starting point.
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2.6.2 3D printing summary

A 3D printed scaffold structure to aim for has a strut separation of 200-300 pm, strut
alignment of 90°, with the aim of providing compressive strength of ~30 MPa, and stiffness

~0.8 MPa.

In order to 3D print these scaffolds using silica-gelatin hybrids functionalised by GPTMS, the
hybrid method and composition must be adapted from the method presented by Mahoney et
al., but avoiding rapid gelation of the hybrid induced by HF, and also GPTMS. Here, the
condensation rate of the silica network and therefore viscosity increase over time is a very
important parameter and designing a method and composition which allows for 3D printing

whilst retaining a high degree of network condensation is essential.
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2.7 Electrospinning silica-gelatin hybrids

Basic electrospinning apparatus is shown in Figure 9. The three main components are a high
voltage power supply, a metal needle, and collector plate. To electrospin, solutions are
contained within a syringe and a high voltage is applied to charge the solution within a metal
needle. The polymer at the tip of the needle forms a Taylor cone. The cone shape forms due to
the surface tension and electrostatic charging of the fluid due to the electric field (Cherney,
1999). The apex of the cone is where a single fluid jet is ejected when the electric field reaches
a critical value to overcome the surface tension. The jet initially moves directly towards the
collector but quickly becomes unstable due to surface charges on the jet interacting with each
other and with the external electric field, causing elongation, thinning, and rapid whipping of
the jet (Li and Xia, 2004, Tripatanasuwan et al., 2007). The fibres deposited on the collector
are randomly aligned due to the instability and rapid bending/whipping of the jet as it travels
(Bhardwaj and Kundu, 2010, Hohman et al., 2001). Aligned fibres can be produced by using a
rotating collect drum. Once deposited on the collector, all solvent should have evaporated
from the fibres in order to avoid fusion of fibres due to the plasticising effect of solvent when

retained in the fibre.

Syringe Charged tip Collector

Hybrid Liquid jet \L

Controlled force {\ :
-]
U\ 1 1 1

High voltage
power supply

Figure 9. Schematic of electrospinning apparatus.

To electrospin, the material parameters and processing parameters must be adjusted according
to the solution. The material parameters concern the viscosity, surface tension and
conductivity of the solution whereas the process parameters concern the voltage, needle-
collector separation, flow rate and ambient conditions, all of these parameters strongly effect

the formation of the resultant fibres (Sun et al., 2014).
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Material parameters

When electrospinning a particular material, the material parameters focus on two things;

viscosity and solvent choice, and even then, the solvent choice has an effect on viscosity.

The viscosity of the solution strongly effects the fibre formation. Low viscosity results in no
continuous fibre formation and instead droplets reach the collector. At high viscosity it
becomes difficult to eject jets of polymer at all. The optimum viscosity must therefore be
determined. The viscosity is affected by the concentration of the polymer in solvent and
molecular weight of the polymer (Bhardwaj and Kundu, 2010). In this case, the viscosity will

also be affected by the degree of condensation within the network.

The surface tension is another important factor which can be controlled by the solvent choice.
Low surface tension reduces the electric field required to produce fibres whereas high surface

tension is unfavourable due to the instability of jets which results in spraying (Hohman et al.,

2001).

Competition between electric field, surface tension and viscoelastic force dictate whether
smooth fibres or beads form. The surface tension drives to reduce surface energy by forming
narrow fibre jets, however below a certain viscosity, the low degree of polymer entanglement
is unable to stabilise the jet and beads or beaded fibres form. As the viscosity increases, the
viscoelastic forces resist rapid changes in shape and smooth and uniform fibres form (Zhang ez

al., 2005).

Surface charge density and conductivity is the final consideration. High conductivity of the
polymer solutions results in smaller fibres whereas low conductivity solutions results in
insufficient elongation of a jet to form a fibre which results in beading. Natural polymers such
as gelatin have naturally occurring charged side groups which increase the charge carrying

capacity and therefore require higher electric fields to form fibres (Zhang et al., 2005).

Processing parameters

The applied voltage must overcome the forces of surface tension, however above this critical
point, the effects of higher voltages are variable. In some cases, higher voltages cause higher
polymer ejection producing larger fibre diameters. Others have reported narrowing of the
fibres due to the increase in electrostatic charges and greater stretching of the solution
(Bhardwaj and Kundu, 2010). The effects of applied voltage depend strongly on the solution

being electrospun.

The needle-collector separation and solution flow rate are both dependent on the evaporation

rate of the solvent. A minimum separation distance is required in order to allow fibres to dry
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before reaching the collector (Ki et al., 2005). The flow rate must be low enough to allow

solvent to evaporate as otherwise fused fibres form.

The humidity is also known to have a strong effect on fibre formation. At higher humidity, the
reduced evaporation rate of the solvent allows the charged jet to continue to elongate towards
the collector and therefore smaller fibres are observed. This tends to come at the price of
beading as the surface area and charge per unit area become unstable. The high humidity fibre
elongation mechanism has a cut-off point above which fibres become fused as the solvent has
not evaporated before reaching the collector (De Vrieze et al., 2009). At higher humidity,
greater bending of electrospun fibres has also been observed as opposed to straight fibres at
low humidity (Tripatanasuwan et al., 2007). At low humidity, the evaporation rate of the

solvent is faster and therefore fibre jets are dried at larger diameters.

The temperature has two effects on electrospinning, firstly, the rigidity of the polymer chains
(viscosity), and secondly the evaporation rate of the solvent. At high temperatures, when the
electric field is applied, the low viscosity encourages stretching and thinning of the jet whereas
the high evaporation rate of solvent opposes this (De Vrieze et al., 2009). The opposing

mechanisms are highly dependent on the material being electrospun and the choice of solvent.
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2.7.1 Cotton wool-like fibres

Cotton wool-like electrospun fibres have a 3D voluminous nature which can overcome the
problem of low cell penetration into the fibre network as proved by Poologasundarampillai ez
al., at Nagoya Institute of Technology (NITech), who observed 3D fibre separation and
improved infiltration (Poologasundarampillai et al., 2014a). The solution being electrospun
was calcium containing sol-gel and the cotton wool-like nature was obtained via fibre
stretching due to Ca”* ions travelling faster towards the collector than other charge carriers. A
similar mechanism for generating cotton wool-like fibres was observed by Sun et al., by the

Fe** addition in polystyrene fibres (Sun et al., 2012a).

At NITech, two further papers present cotton wool-like fibres with alternative mechanisms to
generate the cotton wool-like nature of the fibres using PLA-vaterite (silica and calcium
particles) composites using chloroform as the solvent. A fan method (Obata ez al., 2013) and
ethanol stirring method (Kasuga et al., 2012) were designed. The fan method worked by
blowing air against the fibres to immediately evaporate the solvent and prevent fibres from
sticking to each other. The ethanol stirring method required electrospinning jets to be directed
into ethanol by grounding the ethanol bath. Once the fibres entered the bath the charge was
neutralised and the solvent completely dissolved into the ethanol and fibres became entangled
by stirring the fibre-ethanol mixture. In both cases, the solvent was chloroform. In both cases,

the key was to avoid fibres from coming into contact before the solvent had fully evaporated.

To form cotton wool-like fibres from the silica-gelatin hybrids, the fibre elongation effects of
high humidity will be investigated here, and to ensure fibres do not fuse together, a collector

which allows fibres to dry without coming into contact with each other must be used.
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2.7.2 Electrospinning highly crosslinked gelatin

Electrospun fibres of gelatin functionalised with GPTMS was reported by Tonda-Turo et al.
(Tonda-Turo et al., 2013), Song et al. (Song et al., 2008b), Ren et al. (Ren et al., 2010) and
Gao et al. (Gao et al., 2013a). The gelatin fibres were electrospun with GPTMS to reduce
degeneration rate of the fibre, however the paper by Gao et al. also included a sol-gel bioactive
glass component to create a hybrid material. A summary of the material and processing

parameters reported in each paper is presented in Table 3.

Functionalised gelatin fibres

Gao et al., Tonda-Turo et al. and Song et al. all electrospun solutions with C-factors
comparable to those used by Mahony et al. in the foamed silica-gelatin hybrids (Mahony et al.,
2010). Ren et al. used a C-factor of 4 which is an almost negligible C-factor value and
therefore shall not be discussed further due to the expected, though unreported, rapid

dissolution and fibre instability.

First, considering the functionalised gelatin compositions, Tonda-Turo et al. electrospun
functionalised gelatin with an equivalent C-Factor of 365. Electrospinning began 1 h after
mixing GPTMS with the gelatin solution, 0.08-0.2 g¢ mL™ in water, and a high voltage of 30
kV was applied. Fibres with 200-500 nm diameters were achieved, however dissolution and
fusion of the fibres after 168 h in PBS resulted in dense sheets with almost no fibre definition
remaining. Song et al. (Song et al., 2008b) also used GPTMS to crosslink gelatin with a co-
solvent of acetic acid, ethyl acetate and water at a weight ratio of 4.2:2.8:2. Mass ratios of 2:1,
1:1 and 1:2 of siloxane to gelatin (equivalent to C-factors 740, 370 and 185 respectively) were
examined. Solutions were aged at 37°C for 12-24 h and spun at 12 kV. Increasing the gelatin
concentration from 0.05-0.1 g mL™ led to increased fibre diameters, from 100 nm to 650 nm.
Unfused fibres were achieved using a C-factor of 185 and 370, however 740 resulted in fused
non-distinct fibres. After 7 days in PBS, the CF370 fibres showed considerable fusions and
dissolution, whereas the CF740 fibres appeared unchanged, however this is unclear due to the
initial fused structure. The before and after dissolution figure from the paper is shown in
Figure 10. This suggested that increasing C-factor reduced dissolution rates, however a method

to produce distinct fibres requires development.

In both of papers utilising high C-factors, the viscosity of the solutions during electrospinning
were not reported, however a value was given by Ren et al., 65,000 cP, comparable to castor
oil. Tonda-Turo et al. stated that GPTMS addition did not increase the viscosity of the

solutions and condensation was expected during solvent evaporation. Looking at the
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electrospinning conditions, the evaporation rate would have been relatively slow as water was
used as the solvent and the temperature was 50°C, not high enough to induce rapid
evaporation. This would have allowed for considerable condensation of the GPTMS network,
however dissolution properties were poor. Sol-gel-gelatin hybrids coupled with GPTMS have
the advantage of higher silanol groups availability, hence more condensation reactions can

occur and therefore more bridging and crosslinking of the hybrid network.

Figure 10. SEM morphologies of the nanofibres before (A,C,E) and after (B,E,F) 7 days of immersion in
PBS at 37°C. The compositions of the nanofibres are (A,B) pure gelatin, (C,D) CF370 and (E,F) CF740.
Reprinted with permission from (Song e# al., 2008b).

Silica-gelatin hybrid fibres

The only silica-gelatin hybrid electrospinning paper in the literature was reported by Gao et
al., and is developed for bone tissue regeneration purposes, using bioactive glass sol-gel
(70S10,-25Ca0-5P,05) as the inorganic component. The compositions and synthesis method
differs from the 3D printing paper reported by Gao et al. (Gao et al., 2013b), and the foaming
method developed by Mahony et al. (Mahony et al., 2010). The electrospun scaffolds (Gao et
al., 2013a) were synthesised by dissolving the gelatin in a co-solvent of acetic acid and water,
followed by the addition of the bioglass sol-gel precursor solution. GPTMS was added after 2
h, at pH 3.1 to give a C-factor of 370 and stirred for 4 h before electrospinning. The fibres

obtained had diameters of ~192 nm and immersion in PBS resulted in fusion and webbing of
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the fibres after only 12 h. The high degradation of the network may be due to the low pH,
close to the pHjg, of silica, pH 2.5 which would induce a low silica network condensation rate
(Brinker, 1988), or the calcium and phosphate additives which increase the degradation rate of
silica network (Jones, 2013). The gelatin may also have been degraded in the low pH

conditions which would increase the dissolution rate (Mahony et al., 2014).

None of the papers presented a full dissolution study to examine the release of silica or gelatin,
or characterised the viscosity of the electrospun solution, other than Ren et al. (Ren et al.,
2010). The main theme in the results was rapid dissolution using C-factors of 370 or below

and fibre diameters around 200 nm.
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Table 3. Summary of current literature of electrospun silica-gelatin hybrids or functionalised gelatin.

Author,
composition

Material parameters and
composition

Processing parameters

Properties

Gao et al.
(Gao et al.,
2013a)

BG-gelatin
hybrid CF185

0.35 g mL" in co-solvent of
acetic acid and water at a
volume ratio of 6:4, pH 2.7

BG precursor sol (70Si0,-
25Ca0-5P;,05) - stirred and
aged for 48 h

30 wt% BG to gelatin
stirred for 2 h

12 kV
1.2 mm needle
25 pL min”' flow rate

14 cm nozzle-collector
distance

Post electrospinning
heat treatment for 6 h

Fibre diameters if ~192
nm

Fibre swelling and
fusion observed after
12 h in PBS.

HCA formation in
SBF, however porosity
lost after 5 days.

GPTMS added (pH 3.1) and at 110°C
mixed for 4 h before
electrospinning
Tonda Turo 0.08-0.2 g mL™ in water 30 kV, 50°C Fibre diameters of
et al. 200-500 nm.

(Tonda-Turo | 1 h functionalisation before | 10 pL min™" to 18 pL

et al.,2013) electrospinning min~" flow rate Dissolution after 6 h

resulted in non-

Functionalised 7-19 cm nozzle- distinct, fused fibres.

gelatin CF365

collector distance

After 168 h, individual
fibres were non

distinguishable.

Song et al. 0.05-0.1 gmL ™ in co- 12 kV No distinct fibres were
(Song et al., solvent of acetic acid, ethyl produced using
2008b) acetate and water at a 500 micron needle CF740.
weight ratio of 4.2:2.8:2.

Functionalised 1.6 uLh™" flow rate Fibre diameters of
gelatin CF740, CF370 and CF185 150-550 nm, CF370 at
CF740, 8 cm nozzle-collector 0.05 and 0.1 g mL™

CF370 and CaCly (2.5 wt%) distance respectively.
CF185
Solutions were aged at 37°C Loss of structure and
for 12-24 h before fibre width after one
electrospinning week dissolution in
PBS.
Ren et al. 15-25 wt% gelatin in 98 % 30 kV Fibre diameters of ~2
(Ren et al., formic acid pm
2010) 65,000 cP 2 pL min™" flow rate
BMSCs formed a thick
Functionalised 30 cm nozzle-collector | layer on the surface of

gelatin CF4

distance

the fibre mats, no
penetration.
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Solvent options

The solvent has two functions, firstly to dissolve the polymer, and secondly to carry the
dissolved material towards the collector when an electric field is applied. Table 3 presents the
material variables as described in the literature, and each paper reported a different solvent
choice. The solvent is a particular concern for gelatin as it has a polyelectrolytic nature due to
the charged side groups on the gelatin molecule, which become ionised in acidic or basic
conditions. In aqueous solutions, the water molecules interact with the charged groups and
hinder fibre forming capacity due to the formation of a 3D network which greatly reduces the
mobility of polymer chains. When a high DC voltage is applied, the applied electric field
affects the gelatin charge generation and mobility of ions and therefore much higher voltages
are required (Tonda-Turo et al., 2013). Using alternative solvents to limit the ionisation is key
to successfully electrospinning gelatin, however due to the strong polarity of gelatin, a highly

polar solvent is required to dissolve it.

Silica-gelatin hybrids produced by Mahony ez al. were produced using a water based method
(Mahony, 2010). Even without considering the effect on the gelatin molecules, water has low
volatility and high surface tension. Many papers have sought to increase volatility and reduce
surface tension as this reduces beading and the applied voltage required (Fong et al., 1999, Ki
et al., 2005).

To increase the volatility of solvents for electrospinning gelatin-based solutions, formic acid,
acetic acid, ethyl acetate and ethanol are the most common additions. Formic acid and acetic
acid have been used as alternative solvents for gelatin as they dissolve gelatin at room
temperature without gelation, however both studies indicate gelatin degradation due to high
acidity (Ki et al., 2005, Song et al., 2008b). Even when diluted, a composition of 60 vol%
acetic acid, 40 vol% water and 0.35 g mL™ gelatin has a pH of 2.7, very close to the pHjs, of
silica (Gao et al., 2013a). It is important to maintain a pH of ~pH 5 to optimise GPTMS
reaction kinetics (Gabrielli et al., 2013), allow condensation of the sol-gel network (Brinker,

1988), and avoid gelatin degradation.

Ethyl acetate has been shown to improve the electrospinnability of nanometre gelatin fibres
without reducing the pH. It has a surface tension of ~23 mN m™ compared to 74.2 mN m’'
for water, which therefore reduces beading, however as a solvent it is not often favoured as it
is prone to hydrolysis. Gelatin in water/acetic acid/ethyl acetate solutions were electrospun
with increasing ratio of acetic acid and ethyl acetate to water, however successful compositions
had pH values less than 0.2 which again must have had considerable negative effects on the
reaction chemistry of GPTMS with gelatin (Song et al., 2008b), hence the plasticised and
rapidly dissolving fibres.

63



Adding ethanol to water has various positive effects for electrospinning: higher volatility,
lower gelatin solubility, reduced gelation temperature and reduced surface tension (Chen et al.,
2009, Fong et al., 1999). Fong et al. found that by increasing the ethanol content in relation to
water, up to 70 vol% ethanol, smooth, sub-micron fibres formed as opposed to beaded chains

due to the decrease in surface tension and increase in viscosity.

1,1,1,3,3,3-hexafluoro-2-propanol and trifluoroacetic acid have also been considered in the
literature as solvents for electrospinning organic polymers due to high solubility and high
volatility (Song et al., 2008b), however high toxicity prevents these solvents from being

considered here.

Solvent choice

Here, the aim is to reduce the surface tension and volatility of the solvent when electrospinning
highly crosslinked gelatin. It is fair to say that Tonda-Turo et al. were able to electrospin
functionalised gelatin using water as the solvent, however elevated temperature and high
applied voltages were required to compensate and the resultant fibres rapidly dissolved in PBS.
The discussion into the solvent choices has led to a starting co-solvent of 60 vol% water, 40
vol% ethanol. This co-solvent combines the co-solvent ratio used by Song et al. to electrospin
functionalised gelatin (Song et al., 2008b) but replacing the acidic acetic acid and ethyl acetate
portion of the co-solvent with ethanol which produced good results for Fong et al. and avoids

strongly acidic solutions (Fong et al., 1999).

Materials and processing parameters

The choice of solvent affects all material parameters related to electrospinning: viscosity,
surface tension and conductivity. Of these parameters, the viscosity is the only remaining
variable once the concentration of the solution and the choice of solvent are fixed. The paper
by Fong et al. suggested 1250 cP to be appropriate for solutions with a water-ethanol co-
solvent (Fong et al., 1999), Ren et al. suggested 65,000 cP for gelatin functionalised by
GPTMS at C-factor 4 (Ren et al., 2010), and Poologasundarampillai et al. suggested ~500 cP
to electrospin cotton wool-like fibres from sol-gel (Poologasundarampillai ez al., 2014a). As
the viscosity strongly influences the processing variables (Fong et al., 1999) they cannot be
predetermined, though the reviewed literature can be used as a guide. The combination of
silica-gelatin  hybrid solution and water-ethanol co-solvent has not been previously
investigated. The viscosity and parameters required for electrospinning silica-gelatin hybrids
coupled by GPTMS in a water-ethanol co-solvent must be developed here. To add to
complexity, the silica-gelatin solution will be increasing in viscosity as the sol-gel network

condenses.
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2.7.3 Electrospinning summary

The electrospun fibres are required to provide a conformable surface layer, and enhance cell
density in the superficial zone. A key requirement of the electrospun fibres is that they allow
cells to infiltrate and produce ECM throughout the electrospun scaffold. To achieve this, the
fibres must have a cotton wool-like voluminous 3D nature, and be stable iz vivo until the

tissue is regenerated.

Highly crosslinked gelatin compositions are required to ensure fibres are stable during
cartilage regeneration. The use of C-factors above 740 appeared to show improved dissolution
characteristics, however this was not entirely clear due to the pre-fused structure. A method to
produce distinct fibres with a high degree of crosslinking must be developed. The
incorporation of sol-gel into a functionalised gelatin solution is expected to improve the degree
of crosslinking between gelatin molecules by providing additional molecules to condense with

GPTMS and form bridging linkages.

To generate a 3D structure from the silica-gelatin hybrids functionalised by GPTMS, a high
humidity environment will be used to produce highly elongated fibres, and fibre collection
must prevent fibres from coming into contact. The solvent option selected is 60 wt% water
and 40 wt% ethanol to allow the gelatin to dissolve, but increase the volatility of the solvent

during electrospinning.
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2.8 Obijectives

Having reviewed the literature, the objectives are to develop a new tissue scaffold for cartilage
repair using silica-gelatin Class II sol-gel hybrids and a combination of 3D printing and
electrospinning. 3D printing was selected to impart the mechanical properties through the
design of the scaffold, without affecting the cell seeding and diffusion efficiency within the
scaffold. Electrospinning was selected to provide a conformable layer and increase the cell

density in the superficial layer.

Silica-gelatin hybrids functionalised by GPTMS were selected due to the high bioactivity and
adjustable composition which allow dissolution rate and mechanical properties to be adjusted.
A new method to produce the silica-gelatin hybrids must be developed to avoid rapid
condensation and allow for 3D printing and electrospinning, whilst retaining a highly
condensed sol-gel network. Specifically, HF addition must be omitted, and the method must be
developed to avoid rapid condensation when GPTMS is added. In order to produce the tissue
scaffold designed in Figure 11, the adjustable composition of the hybrid material must also be

investigated to develop rheologically suitable inks for 3D printing and electrospinning.

The silica-gelatin hybrid will be printed in a gel-state, so a suitable drying method must be
established and the mechanical properties must be investigated in wvivo conditions. The
dissolution properties and bioactivity of the 3D printed and electrospun silica-gelatin hybrids

must also be assessed.

<—CElectrospun layer

3D printed scaffold
< 200-300 um channels

Figure 11. Schematic of proposed cartilage tissue scaffolds made by 3D printing and electrospinning.
The printed component has 200-300 pm porosity channels, and 3D electrospun fibres have diameters of

~1 pm.
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CHAPTER 3. CHARACTERISATION
TECHNIQUES
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3.1 Imaging techniques

Scanning Electron Microscopy

In scanning electron microscopy (SEM), electrons are emitted from a filament via thermionic
emission and accelerated towards a sample by the application of a bias voltage between the
electron source and target. The sample must be conductive or coated with a conductive layer.
The scanning beam irradiates the sample and electrons interact with the surface to produce a
variety of signals: primary backscattered electrons, secondary electrons, Auger electrons and
X-rays. Primary backscattered electrons, Auger electrons, and X-rays are useful when trying to
understand material composition, whereas secondary electrons produce images of the surface.
Secondary electrons are ejected by ionisation arising from the impact of the primary electron
beam. The secondary electrons are attracted to the detector by a positive bias and undergo
elastic and inelastic collisions to reach the surface of the material. Information regarding the
topography of the surface is obtained as secondary electrons released from surfaces closer or
tilted towards the detector, travel less distance and loose less energy to reach the detector. The
detector accelerates the secondary electrons into a scintillator which converts the electron
signal to a light signal, and a photomultiplier converts the photons into a pulse of electrons.
This pulse is amplified and used to modulate the intensity of the image on the computer

display.

Field Emission Gun Scanning Electron Microscopy

High resolution surface images were acquired using a field emission gun scanning electron
microscope (FEGSEM). The principles are similar to SEM however electrons are emitted via
field emission from a much smaller area than thermionic emission by the application of a large
electrical potential gradient. The resultant beam is more coherent, the energy spread is smaller,
and the electron spot size is reduced resulting in higher resolution imaging. Images were taken
using the InLens detector rather than the conventional secondary electron detector. The InLens
detector is located inside the electron beam column. This allows for higher efficiency of

electron beam collection particularly at small working distances.

X-ray Micro-Computed Tomography

X-ray micro-computed tomography, micro-CT, uses X-rays to image a sample and generate a
3D image. To achieve this, images (radiographs) must be taken as the sample rotates at
incremental angles from 0° to 360°, then reconstructed to create the 3D image. To generate

each radiograph, x-rays leave the source, pass through the sample and hit the detector. The
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density and thickness of the sample effects the amount of x-rays absorbed and this is measured
by the greyscale value of each pixel in the collected radiograph. The energy of the x-rays must
be carefully selected for the material being observed in order to obtain good contrast. In the

case of natural tissue or low-density materials, low beam energy, 12 keV, is required.
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3.2 Composition and bonding analysis

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) is a technique used to investigate the
interaction of infrared light with a sample. Covalent bonds with a dipole moment can be
excited by particular frequencies of light. In FTIR, a beam containing many frequencies of
light is shone at the sample. The bonds absorb particular frequencies of light and the total
absorbance is measured by the change in intensity of the beam before and after passing though
the sample. Further data points are generated by shining different combinations of frequencies
at the sample. Once all measurements have been taken, a Fourier transform is performed to
convert the raw absorbance data into the amount of energy absorbed at each wavelength. The

resultant spectrum is used to identify the bonding present within the material.

»¥SiMAS NMR

The degree of condensation of a silica network is evaluated by *’Si magnetic angle scattering
nuclear magnetic resonance (*’Si MAS NMR). The technique detects the characteristic spin of
atoms when a magnetic field is applied. The characteristic spin is affected by shielding of the
external magnetic field by electrons in the bonds surrounding the nucleus. Therefore the same

atom in different environments can be distinguished.

Si atoms bonded to four oxygen atoms are known as the Q species. Si atoms bonded to one
bridging-oxygen and three -OH groups are known as Q', and can be distinguished from a Si
atom bonded to two bridging-oxygens and two -OH groups, Q*. The same can be said for Si
atoms bonded to a carbon atom and three oxygen atoms, such as in GPTMS, however these
species are known as the T species. As with the Q species, the order of the T species relates to

the number of bridging-oxygen, Si-O-Si, bonds made by the central Si atom.

In the solid state, atoms cannot move or naturally rearrange as is possible in the liquid state.
To prevent anisotropy issue, samples are ground to a powder, orientated at 54.74° to the static
magnetic field, and spun faster than the magnitude of dipolar coupling (the interaction
between magnetic moments of two nuclei). This allows for orientation averaging as a collective
orientation is imposed on all molecules around the axis. Any anisotropic interactions are
suppressed so peaks can be identified. NMR measures the chemical shift of the species, which

describes the resonant frequency of the characteristic spin relative to a standard.
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X-ray diffraction

X-ray diffraction (XRD) is used to analyse crystal phases in a material. X-ray diffractometers
consist of three elements: an X-ray tube, a sample holder, and an X-ray detector. Within the
X-ray tube, a filament is heated to produce electrons which are accelerated by application of a
voltage to bombard a target material, typically copper. The electrons displace inner shell
electrons and release characteristic X-rays which are filtered to produce a monochromatic X-

ray source and concentrated towards the sample.

The X-ray source and detector are rotated around the sample though a range of 26 angles. The
interaction between incident X-rays and sample produces constructive interference and the
diffracted X-rays are detected when conditions satisfy Bragg’s law, presented as Equation 1,
where n is an integer, A is the wavelength, d is the interplanar spacing, and 0 is the angle of

rotation.
Equation 1: nA = 2dsin@

All possible angles of constructive interference can be obtained by using a powdered sample, as
crystals are randomly orientated allowing many crystallographic planes to be detected. Bragg’s
law links the wavelength of the X-rays to the diffraction angles and therefore the unique d-
spacings of the crystals are found. By comparing the peaks observed in the diffraction pattern

with standard reference patterns, the crystal phase can be identified.

Amorphous materials do not have characteristic d-spacings and instead give rise to an

amorphous halo, a diffuse pattern due to the broad distribution of atomic spacing.

The materials are analysed using a single crystal silicon holder, cut along an obscure lattice
plane that would diffract at an angle outside the measurable 2 theta range. Therefore no

amorphous response or peaks are generated from the holder.

Thermal analysis

Thermo-gravimetric analysis (TGA) and differential scanning calorimetry (DSC) are two
thermal analysis techniques used in this study. The physical properties, mass and heat flow,
were measured whilst subject to a controlled, elevating, temperature program. The change in
mass is detected by an electronic balance which is kept away from the high temperatures by
suspending the sample and alumina reference material in platinum crucibles on an alumina
rod. DSC measures the heat flow between the sample and a reference to detect exothermic and

endothermic reactions occurring in the sample as the temperature increases.
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ICP OES

Inductively coupled plasma optical emission spectroscopy (ICP OES) detects the concentration
of particular elements in a solution. In the ICP, argon gas is ionized in an intense
electromagnetic field to form the plasma and a peristaltic pump delivers the liquid sample to a
nebuliser which converts the liquid to a fine mist. Any larger droplets are removed by a spray
chamber while smaller droplets pass through to the plasma. The solvent is evaporated and the
remaining sample collides with electrons and charged particles in the plasma. The sample
decomposes to atoms which repeatedly lose and recombine with electrons and emit light of a
characteristic wavelength. In the optical chamber, the emitted light is separated into different
characteristic wavelengths and measured to give an in intensity value. This value can be
compared to previously analysed standards to give the concentration of each element tested in

the sample.

BCA assay

The Thermo Scientific™ Pierce™ BCA protein assay uses bicinchoninic acid (BCA) for the
colorimetric detection and quantitation of total protein. Cu™ reduces to Cu*' in the presence
of protein in an alkaline medium (the biuret reaction). In this assay, the BCA in the reagent
provides sensitive and selective colorimetric detection of the Cu*"' cation. A purple-coloured
reaction product forms by the bonding of two BCA molecules with one Cu* cation. The
absorbance of the complex is measured at 562 nm and is linear with increasing protein
concentration. The protein concentration of the samples is determined with reference to
standards prepared from the protein and assayed alongside the unknown samples to create a

standard curve.
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3.3 Mechanical properties and scaffold structure

Compression testing

Compression testing evaluates the compressive stress, compressive strain, and Young’s
modulus of a material by applying a constant rate of displacement to the material. Samples
being tested must be accurately measured in order to calculate the stress and strain, according

to equations below.

To determine the strain, Equation 2 is used, where | is the original thickness and Al is the

change in thickness.
Equation 2: €= —

To determine the stress, o, Equation 3 is used, where F is the force applied and A is the cross

sectional area measured prior to testing.

> | m

Equation 3: o=

Young’s modulus can be found using Equation 4, where ¢ is strain, or by measuring the linear

gradient of the stress-strain curve.

Equation 4: E=

™| Q

Rheology

Rheology is the science of deformation and flow. A sample is typically held between two

plates, the top of which can rotate.

A viscosity measurement measures the resistance of a fluid to flow. The top plate rotates on
the sample at a constant shear rate, and the shear stress, 7, is measured to calculate the

viscosity, 1, according to Equation §.

. shear stress ,t
Equation §: n=———

shear rate

A deformation measurement measures how a viscoelastic material behaves before flow occurs.
Instead of applying a constant shear rate, the top plate oscillates back and forth imparting a
sinusoidal strain. The stiffness of the material is measured by the complex modulus, G,
according to Equation 6, where 7y is the shear strain. The higher the modulus, the tougher the

material.
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Equation 6: G" =

RlA

As demonstrated in Figure 12, the phase angle, 8, measures the lag between the sinusoidal
oscillatory strain and stress response of the material, due to the extra time required for
molecules to flow and relaxations to occur. A purely elastic material has 8 = 0, whereas a

purely viscous material has § = 90°.

Elastic solid

Strain /\ /\
N

Stress
5=&/

Viscoelastic material

Strain /\ /\
NN

Stress

»l <«
. . 0<6< 1t/2
Viscous fluid

AW
\/ \/ 9’\ <~

6=1/2

Figure 12. Schematic of strain response to applied oscillatory stress for an elastic solid, viscous fluid and

viscoelastic material.

For viscoelastic materials, G and & properties are combined to give the storage modulus (G',
the elastic component) and loss modulus (G", the viscous component). The elasticity of the
material arises from crosslinking and molecular constrictions, whereas the viscosity arises from
the ability of the material to flow. The material is said to be solid-like when G' > G'" and 8 <

45°, and vice versa for a liquid-like material.

G', G'" and § are defined according to Equation 7, Equation 8, Equation 9 respectively.
Equation 7: G = % X C0Sd
Equation 8: G' = 5)( sind

n

Equation 9: tand = G—,
G

74



Helium Pycnometer

Helium pycnometry (Quantachrome, Pycnometer) uses gas displacement to measure the
skeletal volume and hence skeletal density of porous materials. By infiltrating helium gas into a
chamber of known volume containing scaffolds with known mass, the skeletal volume and
density can be calculated. The skeletal volume is defined as the volume of the scaffold
excluding all pores larger than one molecule of helium gas. The technique is based around the
ideal gas law, as shown in Equation 10, where P is the pressure, V is the volume, n is the
number of moles, R is the gas constant and T is the temperature. The temperature must be

carefully controlled at 25 °C.

Equation 10: PV = nRT
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CHAPTER 4. 3D PRINTING OF SILICA-
GELATIN HYBRIDS
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4.| Introduction

Previous 3D printing attempts of silica-gelatin hybrids have avoided the addition of any
crosslinking agent before the 3D printing process which resulted in a two stage process with a
low degree of crosslinking (Gao et al., 2013b). Here, the aim was to 3D print highly stable
cartilage scaffolds from silica-gelatin Class II hybrids functionalised by GPTMS in a one stage

process, directly from sol.

To achieve this, the silica-gelatin hybrid material and 3D printing process was investigated in
terms of: reaction times of the hybrid method, suitable printing composition, and 3D printing

parameters.

The scaffold structure

Tissue scaffolds require high interconnectivity for cell migration and nutrient transport (Malda
et al., 2005). 3D printing of 3D grid scaffolds with 90° layers allows for high interconnectivity
but low porosity. Unlike traditional foaming or leaching methods, 3D printing allows
mechanical strength and interconnectivity to be designed into the scaffold and removes the
dependency on pore width and porosity. An example of such a structure is shown in Figure 13.
This structure is simple yet promises to provide direct transportation channels, adjustable
micro and macro structure, and ultimately improved cellular interaction and mechanical

properties.

Figure 13. Schematic of the 90° mesh 3D printed scaffold design.

It was necessary to create 3D scaffolds with a channel width that allowed easy infiltration of
cells, yet once seeded, cells must be hosted in an environment where native ECM can be

produced to fill the porosity in order to achieve full thickness regeneration (Malda et al., 2005,
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Emans et al., 2013, Lu ez al., 2010). The literature suggests 300-400 pm as a suitable spherical
pore width for particulate leached scaffolds (Steele et al., 2014, Lu et al., 2010, Tanaka et al.,
2010). Smaller pores have also shown success, 80 pm (Mandal ez al., 2011), and considering
the high interconnectivity of 3D printed scaffolds, the target channel width may be smaller
than a target pore width. The work on 3D printing host scaffolds for cartilage is limited, many
using synthetic polymers with low bioactivity, however 525 pm channel width was shown to
achieve full osteochondral defect repair in vivo (Malda et al., 2005, Emans et al., 2013).
Comparing 750 pm and 100 pm channel width showed that smaller channels were more
capable of retaining cells in even distribution throughout the scaffold (Sobral ez al., 2011). As
the exact value of the ideal channel width is unknown, the target channel width for cartilage
regeneration was deemed to be 200-300 pm to allow for easy infiltration but allow cells to

quickly fill the surrounding porosity with ECM.

The scaffold must also provide anchorage in the subchondral bone as well as providing a
suitable host environment for cartilage regeneration. Silica-gelatin hybrids with high silica
content have previously stimulated the formation of a hydroxycarbonate apatite layer in
simulated body fluid, and hence show compatibility with bone tissue regeneration (Mahony et
al., 2010). A gradient of hybrid composition with high silica content in the integration region

to form HCA is therefore an option.

Material processing variables

The foaming method for silica-gelatin hybrids was developed by Mahony et al. (Mahony et al.,
2010) using HF as a key addition to induce rapid gelation of the silica network. This aided
scaffold formation by preventing foam collapse as well as inducing a highly condensed
network. When developing a material for 3D printing, rapid gelation is undesirable as it

reduces the window of opportunity to print the hybrid directly from sol.

To produce silica-gelatin hybrids that were suitable for 3D printing, the foaming method was
adapted to compensate for the removal of the HF network condensation stage, but also to
avoid rapid gelation due to GPTMS, which was seen as a barrier to 3D printing by Gao et al.
(Gao et al., 2013b). The material processing variables investigated were: the gelatin and
GPTMS reaction time prior to sol addition (functionalisation time), and the aging time and
temperature of the 3D printed hybrid scaffold. Once determined, this revised hybrid method
was known as the HF-free hybrid method.
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Identifying the printing composition
The composition for 3D printing cartilage scaffolds required high crosslinking to avoid
degradation. The rate of gelation due to silica and GPTMS network condensation was an

important factor to monitor to ensure compatibility with 3D printing despite the removal of

HF from the method (Gao et al., 2013b).

The amount of GPTMS added, C-factor, suited to the newly developed HF-free hybrid
method, was identified through investigation of the relationship between GPTMS added and
the resultant degree of crosslinking. The gelatin to silica ratio was determined by monitoring
the gelation behaviour of various hybrid compositions with the same C-factor. As the silica-
gelatin hybrids were 3D printed directly from sol, identifying the time frame within which the
hybrid gels could be printed- the ‘printing window’- was key to this study. The final
composition selected was the composition which allowed for the most efficient 3D printing

method in terms of time and chemicals used.

Printing variables

The printing variables were defined in order to generate scaffolds using the adapted HF-free
hybrid method and the selected composition. To 3D print, there are numerous variables to
consider: deposition rate, nozzle size, speed of print head, and temperature. The variables must
all align along with the printing ink, the silica-gelatin hybrid, to create the desired structure. By

systematic trial and error, suitable settings were determined for this system.

The printer

Two different robocasters were used over the course of this project. A Fab@home printer was
initially used. However, the mechanism for extrusion was not robust enough, so an Ultimaker
Original, as seen in Figure 14, was adapted for robocasting. A nozzle and tubing were
connected to the print head and the hybrid was extruded from a syringe along the tubing to
the printing nozzle using a syringe pump, Harvard Apparatus PHD Ultra, which controlled the
material deposition. The adapted Ultimaker 3D printed all the 3D printed scaffold

characterised and analysed in this thesis.
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Figure 14. Image of the Ultimaker Original, before adaptation for sol-gel hybrid printing

(www.ultimaker.com).
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4.2 Methods

A series of monoliths, foams, and eventually 3D printed scaffolds were produced in this study
to examine the chemistry of the hybrids and develop a new HF-free hybrid method for 3D
printing. The most compatible composition was determined for use with the new method and

a 3D printing process was established.

The silica-gelatin hybrids are named depending on their gelatin to silica (from TEOS) ratio and
C-factor. The gelatin to silica ratio, e.g. 70G:30SiO,, shortened further to 70G, is defined as
the mass ratio of gelatin to SiO,, under the assumption that 1 mole of TEOS forms 1 mole of
SiO,. Any silica contributions from GPTMS are ignored in this ratio. The C-factor, CF, is
defined as the molecular ratio of GPTMS to gelatin when the molecular weight of gelatin is

87.5 kDa (Mahony, 2010).



4.2.1 Preliminary sol-gel hybrid method

All reagents were supplied by Sigma Aldrich UK unless otherwise specified. For all hybrids, the
first stage was to dissolve gelatin (Porcine skin, gel strength 300, Type A) in 10 pM
hydrochloric acid (HCI), to give a concentration of 50 mg mL™, in a covered beaker at 40°C
for 1 h. This solution was functionalised by the addition of GPTMS, the amount of which was
dependent on the C-factor. The time allowed for functionalisation was investigated.

Depending on the study, the functionalisation was either: 3 h, 14 h or 22 h.

The functionalisation of gelatin and the hydrolysis of the sol are separate reactions which were
timed to be complete at the same time. 1 h before the end of the functionalisation of gelation,
the sol was prepared. In the following order: deionized water, 1 M HCI and tetraethyl
orthosilicate (TEOS) were combined. The quantities of each depended on the molar ratio of
water/TEOS (R-ratio) and the volume ratio of water/HCl. An R-ratio of 4 was chosen to
hydrolyse TEOS so as to provide one water molecule for each silanol-forming ethoxy group.
HCI was added to catalyse TEOS hydrolysis, and the volume ratio of water/HCI used was 3
based on the work by Mahony et al. (Mahony et al., 2010). The solution was stirred for 1 h at
400 rpm to hydrolyse TEOS.

Both reactions were complete at the same time and the functionalised gelatin and hydrolysed
TEOS were mixed and returned to the hotplate at 40°C at 400 rpm. The amount of each
solution added was dependent on the gelatin to silica ratio of the hybrid composition being
made. Aging was defined here as the condensation period of the sol-gel hybrid over time,
therefore from the onset of mixing the hybrid, the solution had begun aging. Before the hybrid
was formed into a monolith, foam or 3D printed scaffold, this aging period was named

‘solution-aging'.

For the preliminary work, the hybrid solutions could go down one of two processing routes:
monolith method or foaming method. After the monolith or foam generation, a second aging
stage followed. The second aging stage provided an additional window for further
functionalisation and network condensation whilst the hybrid gels were formed yet still
aqueous. Depending on the study, the temperatures used were 5°C, 21°C (RT), or 40°C, and
the aging time was either 5 days, 7 days or 14 days. When aging was complete, samples were
frozen at -4°C overnight then placed in a freeze dryer for 24 h. Conditions are: -96°C, pressure

0.13 mbar (Thermo Scientific Heto PowerDry LL1500).

3D printed scaffolds were also produced, the method of which is discussed later in section

4.2.3.
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Monolith route

To form a monolith, the solution was stirred until it raised up above the stirrer bar rather than
forming a vortex. At this point, 3 mL samples of the gel were placed in airtight wide mouth
polycarbonate screw cap containers (Nalgene, 60 mL volume) for the second aging stage,
conditions were dependent on the study. The samples were then freeze dried as described

above.

Foaming route

Foams were produced using the method described by Mahony et al. (Mahony et al., 2010).
After 1 h of mixing the hybrid, 50 mL of the solution was transferred to a 600 mL
polypropylene beaker. 1 mL of HF and 1.5 mL of a surfactant, Triton X-100, were added
immediately before vigorous whisking using a hand held blender (Morphy Richards, speed
setting 1). After approximately 4 minutes of whisking, the foams reached the point of gelling.
They were then poured into wide mouth polycarbonate screw cap containers and samples were
separated into two sets for aging at 40°C or 21°C for 1 week. The samples were then freeze

dried as described above.
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4.2.2 Functionalisation and aging study

The parameters of functionalisation and aging were varied in this study to assess the effect on
the hybrid chemistry as expressed in FTIR analysis. The aim was to determine the
functionalisation time, aging temperature and aging time for the new HF-free hybrid method
which would be compatible with robocasting. The investigated parameters are displayed
schematically in Figure 15, along with the reaction chemistry of the silica-gelatin hybrid

system.
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Figure 15. Schematic of hybrid chemistry and monolith method.

GPTMS hydrolysis

A preliminary investigation into the chemical structure of GPTMS and hydrolysed GPTMS
was performed in order to determine the FTIR bands associated with GPTMS. The GPTMS
was hydrolysed in the same way as TEOS would be hydrolysed according to the preliminary
method, however the R-ratio was 3 rather than 4 as GPTMS has just 3 silanol-forming

methoxy groups to hydrolyse.

Functionalisation study

The effect of functionalisation time on the bonding observed in the hybrids was investigated to
determine the most effective functionalisation time for the new HF-free hybrid method. One
composition was studied, 78 G CF750, due to high gelatin content and high C-factor hybrids

producing the best cell compatibility results according to Mahony et al. (Mahony et al., 2010).

The preliminary method was followed up to the functionalisation stage to produce 40 mL of

functionalised gelatin. During the functionalisation stage, 3 mL samples (n = 3) were taken at
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particular time points. The 3 mL samples were placed in airtight containers and freeze dried as
described previously. Samples were taken for analysis at three time points: 3, 14 and 22 h. At
22 h, functionalised gelatin had gelled, i.e. the solution rose up above the stirrer bar rather
than forming a vortex. 14 h was selected as it was the functionalisation time used by Mahony
at al. (Mahony, 2010) to create the foamed scaffold, and 3 h was selected as a shorter

functionalisation time to compare to 14 h.

A shorter functionalisation time of 3 h was of interest because lengthy functionalisation times
are known to be detrimental to the hybrid formation (Mahony, 2010). When functionalising
for long periods of time, it was possible that hydrolysed silanol end groups of GPTMS react
with each other through condensation (Gabrielli ez al., 2013). Condensation between GPTMS
molecules to form oligomers is expected to be detrimental to hybrid formation as it is
predicted to limit further functionalisation and interaction with the sol when added later

(Gabrielli et al., 2013).

Aging study

The aging study was conducted on monoliths of 78G CF750 hybrid in order to determine the
most effective time and temperature for silica-gelatin hybrid aging without the use of HF. The
hybrid solutions were functionalised for 3 h due to the results obtained in the functionalisation
study. Aging was performed at: 40°C, 21°C (room temperature), 5°C, and the aging times
investigated were: 5 days, 7 days and 14 days. The aging conditions of 40°C and 1 week were
the aging conditions used on the silica-gelatin hybrid foams produced by Mahony et al.
(Mahony et al., 2010). For the HF-free hybrid method, lower temperatures were investigated
due to the unknown effects of elevated temperature on the hybrid material. A longer aging
time period (14 days) was tested to potentially compensate for the reduced temperature. A
shorter time period (5 days) was tested to ensure the same results cannot be achieved in a

shorter time period.

Characterisation

FTIR was used to analyse the chemical bonding of: GPTMS before and after hydrolysis, the
functionalised gelatin samples, and the aging study samples. From observing the changes in the
chemical bonding, the most effective functionalisation time, aging temperature, and aging time

were selected for the new HF-free hybrid method.

FTIR, Perkin Elmer Spectrum 100, was run in absorption mode between 600-4000 cm™, 50
scans, at a resolution of 4 cm™. 5 spectra were obtained per sample. The FTIR samples were

prepared by crushing the dry samples using a pestle and mortar. Once background analysis
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was complete, the sample was placed over the beam and secured in place for testing. Between

samples, the surface is cleaned with ethanol.
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4.2.3 Silica-gelatin HF-free hybrid method

To be suitable for 3D printing, the silica-gelatin hybrid solutions were produced according to
the HF-free hybrid method as determined by the results of the functionalisation and aging
studies. To continue the methods section, the HF-free hybrid method and 3D printing route
must be introduced here as the method is used in all future investigations. A schematic of the

method is shown in Figure 16.

HF-free hybrid method

All reagents were supplied by Sigma Aldrich UK unless otherwise specified. For all hybrids, the
first stage was to dissolve gelatin (Porcine skin, gel strength 300, Type A) in 10 pM
hydrochloric acid (HCI), to give a concentration of 50 mg mL™, in a covered beaker at 40°C
for 1 h. This solution was functionalised by the addition of GPTMS, the amount of which was

dependent on the C-factor. The time allowed for functionalisation was 3 h.

The sol was prepared separately. Hydrolysis of TEOS started 2 h after the start of the gelatin
functionalisation, i.e. 1 h before the end of gelatin functionalisation. It was prepared by
combining the components in the following order: deionized water, 1 M HCI and tetraethyl
orthosilicate (TEOS). The R-ratio was 4 and the volume ratio of water/HCI was 3. The

solution was stirred for 1 h at 400 rpm to allow hydrolysis of TEOS.

Both reactions were complete at the same time. The functionalised gelatin and hydrolysed
TEOS were mixed and returned to the hotplate at 40°C at 400 rpm. The amount of each

solution added was dependent on the gelatin to silica ratio of hybrid composition being made.

As with the preliminary methods, the solution-aging (the aging period of the solution before
processing into a monolith/foam/3D printed scaffold) of the hybrids began with mixing on a
hotplate at 40°C at 400 rpm. The solution-aging time of the hybrid varied between 4 h and 30
h depending on the composition. When necessary, the hybrid solutions were mixed on the
hotplate for a maximum of 5 h then transferred to a 20 mL syringe and placed in a -18 °C
freezer. When required for further aging, the syringes were placed in a 40°C oven where

solution-aging was resumed.

Monolith route

When solution-aging was complete and 3D printed scaffolds were not required, samples of the
hybrid solutions or gels could be separated into monoliths once solution-aging was complete.

The samples were placed into wide mouth polycarbonate screw cap containers and were aged
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for a further 1 week at 21°C. The samples were frozen at -4°C overnight then placed in a
freeze dryer for 24 h. Conditions are: -96°C, pressure 0.13 mbar (Thermo Scientific Heto
PowerDry LL1500).

3D printing route

Figure 16 presents a schematic of the HF-free hybrid method and 3D printing route. Once
solution-aging was complete, the gel reached the ‘printing window’, the period of time within
which the gel could be printed. The required solution-aging time and ‘printing window’ was
determined for different compositions (see Table 4) in the composition compatibility study to
follow. The printing window identified the period of time within which the hybrid gel could
flow through the tubing and nozzle and hold its shape once printed. The exact 3D printing
parameters used are discussed in the later section 4.2.5: printing parameters, and the set-up is

shown in Figure 17.

The 3D printed scaffolds were placed into sealed containers and aged at 21°C for 1 week. The
samples in this chapter were all frozen at -4°C overnight then placed in a freeze dryer for 24 h.

Conditions are: -96°C, pressure 0.13 mbar (Thermo Scientific Heto PowerDry LL1500).

40°C
0.05 g ml-

Dissolve gelatin

ol

According to C-Factor ) ] ] R-ratio = 4
3 h, 40°C, 400 rpm  [ERELNEIEY-CET WEICEER O \\ater/HCL (volume) =3

According to G:S
40°C, 400 rpm

40°C, until gelled Age solution

3D print

7 days, RT
sealed container

Age scaffold

Freeze at-18 °C

Freeze dry: -96 °C, 0.13 mbar Freeze dry

Figure 16. Schematic of the HF-free hybrid method for 3D printing silica-gelatin hybrids: 3D printing

route.
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4.2.4 Crosslinking effects of C-factor

The effect of C-factor on the degree of crosslinking of the final hybrid material was assessed.
This was conducted in order to determine which C-factor provided the highest degree of

crosslinking without being in excess when producing hybrids using the new HF-free method.

The crosslinking index was determined by measuring how the concentration of detectable
primary and secondary amino acids changed as the C-Factor of hybrids increased from 0 to
1000. The epoxide ring of GPTMS reacted with gelatin due to nucleophilic attack from -
COOH groups present in amino acid groups on the gelatin chain. The number of primary and
secondary amino acids on the gelatin chain was therefore reduced when functionalised with

GPTMS due to steric hindrance (Gabrielli et al., 2013, Shirazi et al., 2016).

Ninhydrin reagent (1,2,3-triketo-hydrindene hydrate, Sigma Aldrich) is commonly used to
determine the concentration of primary and secondary amines and amino acids (Lai et al.,
2013). Ninhydrin reagent and free, unreacted amino acids interact to form an intense purple

colour, known as Ruhemann’s purple.

To assess the crosslinking, 78G hybrids with C-factors of CF0, CF100, CF250, CF500, CF750
and CF1000, and gelatin standards at concentration: 0.01, 0.02, 0.04, 0.05, 0.09 g mL™, were
reacted with ninhydrin reagent (1,2,3-triketo-hydrindene hydrate). The hybrids were produced
in accordance with the HF-free hybrid method following the monolith route. For each hybrid
composition, after 5 h of solution-aging, 2 mL samples (n = 3) were placed in a covered glass

test tube where the monoliths were aged and later freeze-dried.

Once all samples and standards were prepared, 2 mL of DI water was added to the dried
hybrids and held in a water bath for 1 h at 80°C to allow any unreacted gelatin to dissolve. 1
mL of Ninhydrin reagent was then added to each sample and standard and left for a further 30
minutes. The samples and standards were then cooled to room temperature and 5 mL of 95 %
ethanol was added to each sample. A further dilution of 1:49 sample and standard volume to
additional ethanol volume was required to bring the absorbance readings below a value of 1.
Samples and standards were read using a microplate reader (SpectraMax MS$) at 570 nm from
a 48 well plate. From the calibration curve, the presence of free amino acids and hence

unreacted protein was quantified (Lai et al., 2013).

The amount of free amino groups in the gelatin was proportional to the optical absorbance of

the solution. To calculate the crosslinking index (the degree of crosslinking in the hybrid),
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Equation 11 was used, where respectively; C; and Cy are the optical absorbance of the gelatin

solution before and after cross-linking.

C+Cf

Equation 11:  Crosslinking Index (%) = ’C— x 100
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4.2.5 3D printing parameters and composition compatibility

To develop a process for 3D printing, the printing parameters and properties of the silica-
gelatin hybrid printing ink were closely tied. As the silica network in the hybrid solutions
condensed over time, it was important to characterise this condensation which was causing

gelation and work out the stage of gelation at which the hybrids could be 3D printed.

The aim here was to determine the most compatible composition for 3D printing and the most
suitable parameters for 3D printing. The 3D printing parameters and composition
compatibility study are presented here as two separate studies; however, in practice they were

highly dependent on each other.

3D printing parameters

Developing the process to 3D printing silica-gelatin hybrids started with printing pure gelatin
solutions of 50 mg mL™. This gave a basic understanding of how the aqueous gel would flow
and at what levels of observable gelation the solutions held their shape when printed. With this
basic information, the 3D printing process for silica-gelatin hybrids was developed through

systematic trial and error.

The printing process was developed using an adapted Ultimaker Original, as shown
schematically in Figure 17. The gels to be printed were held within a 10 mL luer lock BD
Plastipak™ syringe and the syringe plunger had a controlled force applied by a Harvard
Apparatus PHD Ultra syringe pump. The force applied by the syringe pump controlled the
deposition rate of the hybrid gel. As the main component of the hybrid was gelatin, during the
printing process, the hybrid gel required heating to ensure that any viscosity increase of the
hybrid was due to network condensation and crosslinking of the hybrid rather than gelatin
transitioning from the liquid to solid state. Therefore, a heat jacket was used to warm the

hybrid-containing syringe and the applied temperature was investigated.

On exiting the syringe, the gels then flowed along tubing towards the printing tip. The tubing
used was Harvard Apparatus’ PolyE polyethylene tubing with an internal diameter (ID) of
1.78 mm. It was chosen due to the flexibility and hydrophobic surface which allowed smooth
flow of the hybrids. The tubing ID was compatible with Nordson EFD stainless steel
dispensing tips (outer diameter of 1.83 mm) which connected the syringe to the tubing, and the
Ibidi male luer connectors which connected the tubing to the printing tip. Tapered and
stainless steel Nordson EFD tips were tested with decreasing ID from 0.41-0.2 mm (gauge 22-
27).
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On exiting the nozzle, the gels were required to hold their shape and be built upon layer-by-
layer without collapse. If this was achieved, then the material was deemed to be within its

printing window.

The 3D printing parameters investigated were: material deposition rate, nozzle size, speed of
print head, and scaffold structure (strut separation and layer height). Due to the limitation of
the deposited strut width, which is discussed in the results, the aim was to 3D print scaffolds
with the smallest strut separation possible without collapse during processing or densification
of pores during aging.

Dispensing tip

connecting syringe to
/ tubing Tubing with hybrid gel

/ travelling through

Male connector between tubing
and printing tip

Controlled

= Heat
deposition rate ‘ jacket(c
Syringe /

containing
hybrid gel

Printing tip

Deposition
controlled using
a syringe pump

Computer
controlled

motion

3D printer

3D printed scaffold

Figure 17. Schematic of the 3D printing set-up including an image of scaffold being 3D printed.

A printing set up for scaffolds with 1 mm strut separation and 1.5 mm strut separation was

developed.

Composition compatibility study

The most suitable C-factor, CF500, was determined in section 4.2.4: crosslinking effects of C-
factor, and the aim in this section was to determine the mass ratio of gelatin to silica (from
TEOS contributions only) by assessing the gelation rate of the hybrids and finalise the 3D
printing composition. Due to the condensation of the gel over time, the gelation stage where
the hybrid could be printed, the printing window, had to be determined in order to
successfully 3D print using the gel. The effect of the gelatin to silica mass ratio on the gelation
rate of the hybrid was examined to determine the composition most compatible with the 3D

printing process. The mass ratio of gelatin and silica was selected in order to allow the most
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3D printed scaffolds to be printed per batch of hybrid. The solution-aging time and printing
window were determined for compositions with increasing wt% gelatin at CF500 where wt%

is calculated from gelatin/(gelatin + silica from TEOS).

Evaluating the gelation
The hybrid solutions progressed through 3 stages after the two components were mixed: not
gelled enough for printing, printable, then too gelled for printing. The stages were named:

solution-aging, printing window, and over-gelled.

The time frame for each stage was investigated for the compositions in Table 4. To conduct
the study, the solutions and later the gels were monitored and 3D printing was attempted
regularly (~1 h intervals) as the condensation of the solution increased over time. As the study
was based on trial and error, new solutions were repeated to ensure the reliability of the

printing window.

Table 4. Silica-gelatin hybrid compositions for printing compatibility study.

Hybrid Gelatin: Silica C-Factor
description mass ratio
TG0GCR00 | 6040 | 500 |

70G CF500 70:30 500
78G CF500 78:22 500
84G CF500 84:16 500
89G CF500 89:11 500
95G CF500 95:5 500

To understand the change in gel strength, and how this related to whether the gel could be 3D
printed or not, the rheological properties of the composition found most suitable were

investigated.

Rheology

The rheological properties of the hybrid composition most compatible with 3D printing, 78G
CF500, were measured over time to assess how the rheology of the hybrid gels affected the
ability to print the material. Direct viscosity measurements were not possible due to the high

degree of crosslinking preventing viscous flow of the hybrid gel. Instead, oscillatory viscosity

93



was employed to monitor the storage and loss moduli of the gels with increasing solution-

aging time (increasing condensation of the silica network).

To measure the storage and loss modulus a Discovery Hybrid Rheometer, TA instruments was
used in oscillatory mode. Firstly, a suitable strain rate was found by determining the Linear
Viscoelastic Region (LVR) of the material and selecting a strain rate value within this region.
To do this, an oscillation-amplitude test (0.1-100 % strain rate) was performed under the
conditions: 1 mm gap, 40 mm stainless steel plate, 40°C, 30 s soak time, 10 rad s frequency
using a solvent trap. 10 % strain was found to be within the LVR. G' and G'' were then
measured using an oscillation-frequency test (0.1-100 Hz) with conditions: 1 mm gap, 40 mm
stainless steel plate, 40°C, 30 s soak time, 10 % strain. This oscillation-frequency test was

performed at: 7, 9, 11, 13, 15 h of solution-aging.
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4.2.6 Silica network condensation

The chapter has so far investigated and established: a new HF-free hybrid method, that the
78G CF500 hybrid composition was most compatible with 3D printing, and the parameters
for 3D printing. Here, solid state NMR was employed to assess how the network connectivity
of the HF-free hybrid method compared to that of the original foaming method (Mahony et
al., 2010).

The silica network connectivity of four 78 G CF500 hybrids with different hybrid methods and
processing parameters were compared. Functionalisation time, aging time, aging temperature,
and use of HF were investigated. The 78G CF500 hybrid composition was selected due to the

results of the two composition studies. All monoliths and scaffolds were freeze-dried.

The variations in the silica-gelatin hybrid methods are presented in Table 5. Method A is the
new HF-free hybrid method which followed the 3D printing route. Method D is the foaming
method by Mahony et al. (Mahony ez al., 2010). Methods B and C are intermediary control
methods allowing the effects of the long functionalisation time, HF addition, and 40°C aging
to be observed individually. Functionalisation time is compared by methods A and B as they
are both 3D printing methods, however method B had a 14 h functionalisation rather than 3
h. Methods B and C differed through the addition of HF. Method C used HF which allowed
for foaming rather than 3D printing. Methods C and D were both foamed using HF however
method C retained room temperature aging whereas method D used an aging temperature of

40°C.

Table 5. Variations on the silica-gelatin hybrid method, 78G CF500.

Hybrid Acin
. Functionalisation | solution- HF Processing 81ng
Method Description . o . temperature
time /h aging time | addition route /oC
/h
P —
Until
A Hf—free 3D 3 suitable for No .3D. 21
printing method . printing
printing
Method A + 1
increased . Unti 3D
B funct; . 14 suitable for No o 21
unctionalisation . printing
: printing
time
C Method B + HF 14 1h Yes Foaming 21
addition
D Foaming 14 1h Yes Foaming 40
method
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?Si MAS NMR
All Si MAS NMR measurements were performed at the University of Warwick at 7.0 T using

a Varian/Chemagnetics InfinityPlus spectrometer operating at a Larmor frequency of 69.62
MHz. These experiments were performed using a Bruker 7 mm HX probe which enabled a
MAS frequency of 5 kHz to be implemented. For *’Si single pulse measurements a flip angle
calibration was performed on kaolinite from which a /2 pulse time of 5.5 ps was measured.
All measurements were undertaken with a n/2 tip angle along with a delay between subsequent

pulses of 240 s.

From the ’Si MAS NMR spectra, the relative peak areas were resolved by deconvolution using
OriginPro software and the network condensation was calculated using Equation 12, where

Q" is the % abundance of Q" species and T" is the abundance of T" species.

4Q* + 3Q° + zozl i
3

Equation 12: 4

373 4+ 2T2 4 Tll)
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4.3 Results and discussion

The results present the journey taken to adapt the silica-gelatin hybrid method to 3D printing.
Firstly the hybrid process was investigated to determine the new HF-free hybrid method. The
C-factor of the hybrid was then chosen to maximize crosslinking and following this, the 3D
printing parameters and gelatin wt% were established. The HF-free hybrid 3D printing
method was then probed structurally to assess the connectivity of the silica network and the

final composition of the hybrid scaffolds was analysed.
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4.3.1 Functionalisation study

The mechanism of functionalising gelatin with GPTMS has been proved possible by Gabrielli
et al. and Ren et al., however the reaction is difficult to control (Gabrielli et al., 2013, Ren et
al., 2001b). It was therefore necessary to monitor the extent of the reaction through observing
the epoxy ring opening and silanol formation at increasing time points. Using FTIR these
developments were observed and the functionalisation time which produced a material with
the lowest epoxy ring (oxirane) presence was chosen. A low oxirane presence indicated that
the oxirane ring had either opened by hydrolysis or reacted through nucleophilic attack by a -
COOH group on the gelatin to create a permanent bond. As oxirane is cytotoxic, a low
oxirane presence is highly desirable for tissue scaffolds. Here, FTIR spectra of CF750
functionalised gelatin samples functionalised for 3 h, 14 h, and 22 h were compared in order

to determine the functionalisation time for the HF-free hybrid method.

To identify the vibrational bands associated with GPTMS in the functionalisation study, FTIR
spectra of GPTMS before and after hydrolysis was obtained. FTIR spectra of GPTMS obtained
by Mahony et al. (Mahony, 2010) could not be used as a reference as the relative strengths of
the vibrational bands were very different to the spectra obtained here. The hydrolysed GPTMS
spectra produced by Mahony e al. observed Si-CH,, Si-O-Si (1020 c¢m™), and oxirane
vibrational bands to have a similar intensity. Here, the FTIR spectra of GPTMS before and
after hydrolysis was repeated, as seen in Figure 18, and the Si-CH, band was weaker. To
identify the vibrational bands associated with GPTMS in the functionalised gelatin spectra, the
revised FTIR spectra of GPTMS before and after hydrolysis was used.

Figure 18 shows the FTIR spectra of GPTMS before and after hydrolysis with all bands
normalised to Si-C band at 1200 cm™. The strongest vibrational band in non-hydrolysed
GPTMS was Si-OCHj3 (1075 cm™), and both Oxirane (910 cm™) and methyl (850 cm™) groups
were also observed. In the hydrolysed GPTMS spectra; two bands between 1020 ¢cm™ and
1150 cm™ developed which assigned to the asymmetrical Si-O-Si vibrations, the methyl group
was lost, and the band at 910 cm™ increased. The increase at 910 cm™ was not due to oxirane
as the relative amount of oxirane cannot increase with hydrolysis, only decrease. There is
conflict in the literature as to where the Si-OH bond is seen; 900 cm™, 920 cm™ or 958 cm™
(Tonda-Turo et al., 2013, Gao et al., 2013a, Jerman et al., 2011, Liu et al., 2004) and here the
results suggest the GPTMS Si-OH stretching band is assigned to 910 ecm™. The broad band at
1650 cm™ is assigned to the bending mode of adsorbed water molecules. (Tonda-Turo et al.,

2011, Liu et al., 2004, Gao et al., 2013a, Duran et al., 1986).
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Figure 18. FTIR spectra of GPTMS before and after hydrolysis

With the GPTMS bands assigned, FTIR spectra of gelatin functionalised by GPTMS at CF750
was analysed. Figure 19 shows the spectra for three functionalisation times: 3 h, 14 h and 22
h. Bands at 1640 cm™' (Amide I), 1540 cm™ (Amide II), 1450 cm™ (Amide III) arose from the

presence of gelatin.

At 22 h, the functionalised gelatin was gelled; it rose above the stirrer bar when being mixed
rather than forming a vortex so was not suitable to mix with the sol-gel to form a hybrid. The
reduction in Oxirane/Si-OH band at 910 cm™ corresponds to a more condensed, gelled
network. The increase in intensity of the asymmetrical Si-O-Si band between 1020-1150 cm™
and the symmetric Si-O-Si vibrational band at 790 ¢cm™ confirm this increase in network

condensation.

Comparing 14 h and 3 h, there is no observable difference in FTIR spectra. For this reason, 3
h was selected as the functionalisation time for the new HF-free hybrid method as the

additional time spent functionalised appeared to add no benefit to the bonding in the material.
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Figure 19. FTIR spectra of gelatin functionalised with GPTMS, CF750, for increasing lengths of time.
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4.3.2 Aging study

Aging of the monolith was the last stage in the formation of a silica-gelatin before drying. In
practice, it would occur after the hybrid gel had been 3D printed. Here, the aging stage was
investigated by examining how 9 different aging conditions affect the bonding seen in 78G
CF750 monoliths. Increasing temperatures: 5°C, 21°C (RT) and 40°C, and increasing times: 3,

7 and 14 days, were studied.

The aging stage allowed further condensation of the silica network and hydrolysis or bonding
of the epoxy ring whilst the hybrid remained aqueous (i.e. before drying). The change in the
material chemistry due to the aging conditions experienced was observed by FTIR. When
aging glass samples, elevated temperatures are used to further improve the silica network
(Hench and Wilson, 1993), but in the case of silica-gelatin hybrids, temperatures are limited by
gelatin. Gelatin alone has a gel transition at 30°C, however in a hybrid material gelatin can

withstand higher temperatures due to crosslinking (Mahony et al., 2010).

Figure 20 presents FTIR spectra obtained for the aging study. The 40°C data has been
removed as it induced drying of the hybrid monolith surface after 5 days. 14 days at 21°C was

also void as bacteria was seen growing on the surface.

The oxirane/Si-OH band in FTIR spectra at 910 cm™ is a good indicator of whether reactions
are taking place as a reduction in this vibrational band relates to both GPTMS and TEOS
incorporation. This band appeared with equally low intensity for the 21°C, 7 day condition
and 5°C, 14 day condition. Hence, the main benefit of increased temperature was that
condensation happened faster, as expected (Hench and Wilson, 1993). The 21°C, 7 day
condition was the most efficient and effective time frame for scaffold-aging so was taken

forward as the aging time and temperature for the HF-free hybrid method.
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Figure 20. FTIR spectra of 78G CF750 hybrid monoliths aged at 5°C and room temperature for up to
14 days.

At this stage, the HF-free hybrid method conditions are a functionalisation time of 3 h and

post monolith/scaffold forming aging conditions of 21°C for 7 days.
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4.3.3 Crosslinking effects of C-factor

Understanding how the C-factor affected the degree of crosslinking of the hybrids was
important to determine which composition to focus on for 3D printing. Theoretically, the
molar ratio of GPTMS to the highly reactive amino acids containing -COOH groups on the
gelatin molecule can be calculated. Farris et al. determined the percentage of amino acids in
Type A pigskin gelatin (Farris et al., 2010), and unpublished work by Connell et al.
determined that glutamic acid (7.1 %) and aspartic acid (4.42 %) were the two most
important amino acids involved in gelatin functionalisation with GPTMS based on abundance
and reactivity. The number of moles of gelatin was used to calculate the number of amino
acids, by multiplying by the mean number of amino acids per gelatin molecule (porcine skin,
Type A). The number of moles of glutamic acid and aspartic acid were calculated as 11.52 %
of the total. Dividing the number of moles of GPTMS by this number of moles of amino acids,
CF250 gave a result of 0.14, CF500 gave 0.27, CF750 gave 0.41 and CF1000 gave 0.55.

Therefore theoretically, none of the C-factors investigated should have excess GPTMS.

Here, ninhydrin reagent was used to assess the crosslinking index of 78G hybrids prepared
using the HF-free hybrid method. Hybrids with increasing C-factor, from CFO to CF1000 were
investigated as shown in Figure 21. With increasing C-Factor from 0 to 500, the crosslinking
index and C-factor had a linear relationship. Above CF500, the crosslinking index reached a
plateau which suggested that additional GPTMS was not improving the crosslinking in the
hybrid further. This lack of further crosslinking is unlikely to be due to saturation due to the
theoretical ratio of GPTMS to functionalising amino acids calculated. More likely, the kinetics
of the reaction slows over time due to reduced availability of binding sites and oligomer

formation.
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Figure 21. Crosslinking index determined by optical absorbance at 570 nm of 78G hybrids reacted with

ninhydrin reagent.
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In the optical absorbance experiments conducted by Mahony et al. (Mahony, 2010), the
results showed that above CF500, the silica-gelatin components were fully integrated. This
information alongside the ninhydrin reaction data in Figure 21 indicates that CF500 is the

most effective C-factor as the GPTMS has bonded with the gelatin but is not yet in excess.
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4.3.4 3D printing parameters

Alongside the composition compatibility study, the 3D printing parameters were investigated
and determined. Hybrid gels that held their shape on exiting the nozzle were required for 3D
printing. The degree of gelation was initially determined by systematic trial and error by

working repeatedly with the material.

To develop the 3D printing process, the parameters investigated were: temperature of syringe
warmer, deposition rate, nozzle size, speed of print head, and design of the print file (strut
separation and layer height). The aim was to print 3D grid scaffolds with 90° layers which had
channel widths of 200-300 pm when dry.

All the 3D printing parameters were dependent on each other and Table 6 summarises the
parameter values investigated and general notes on the effects of increasing or decreasing each
parameter. Two 3D printing set ups were developed: one with a 1 mm strut spacing, and
another with 1.5 mm strut spacing. The 1.5 mm strut spacing scaffold was determined first
then parameters were tweaked to obtain the 1 mm strut spacing. The 1 mm parameters are

shown alongside the 3D printing process schematic in Figure 22.

A strut spacing of less than 1 mm was not possible with the hybrids gels. Due to the aqueous
nature of the gel, a nozzle ID of 0.2 mm generated a strut width of 0.5 mm as the gel
expanded on exiting the nozzle. This was the limiting factor during 3D printing as the gels
would not flow through smaller nozzles and reducing the deposition rate to obtain a thinner
strut led to inconsistent flow. Struts could not be printed closer together as when attempted,
the struts condensed to neighbouring struts and vertical channels were not retained after 1

week of aging.

The layer height was selected by finding a layer separation height where the layers were in
contact with the layer below, but not being printed into it. A height of 0.3 and 0.4 was
selected for the 1 mm and 1.5 mm strut separation scaffolds respectively. If a larger layer
height was used, the subsequent layer would not be in contact with the layer below during

printing resulting in poor accuracy in layer deposition.

The syringe temperature was maintained at 40°C to ensure any unreacted gelatin remained
soluble and did not set or increase the viscosity of the gel. Higher temperatures had the effect

of increasing the gelation rate and reducing the time frame for 3D printing.

The deposition rate was closely linked to the nozzle size and speed of the print head. For the 1

mm strut separation scaffold, the values were 0.1 mL min™, 0.2 mm (ID) smooth flow tapered
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tip, and 500 respectively. For the 1.5 mm strut separation scaffold, the values were 0.12 mL

min”, 0.25 mm smooth flow tapered tip, and 400 respectively. This combination resulted in

smooth flow through the nozzle without any breaks in the extruded gel.

Table 6. 3D printing parameters, the investigated range and values selected.

1 1.5 mm
Parameter ) . mm strut strut
Investigated range and findings separation .
scaffold | separation
scaffold
S 1.5-0.5 mm
trut The strut separation is limited by the width of the
Separation extruded gel 1 mm 1.5 mm
This value was determined alongside deposition rate
and nozzle size.
0.2-0.6 mm
Layer height The gel ne@d@d to be touching'the previous layer
when 3D printing. If separation is too small the layer | 0.3 mm 0.4 mm
is printed into the previous layer and if too large the
material is not deposited accurately.
Syringe RT-60°C
Temp too low- gelatin transitions from liquid to 40°C 40°C
temperature | .lid too high- the hybrid gelation rate increased
which reduced the 3D printing window.
Deposition 0.14-0.07 mL min_lusing BP plastic 10 mL syringe.
. : . 0.1 mL 0.12 mL
rate Deposition rate is dependent on the nozzle size. min’l min !
Higher rate needed for larger nozzles
Nozale si Tapered tips vs. stainless steel nozzles from EFD 0.2 mm
0zzIe S1Z¢ | Nordson: 0.41 mm, 0.25 mm, 0.2 mm nozzle sizes sr'nooth 0.25 mm
(ID) (gauge 22,25, 27) fl smooth flow
Larger nozzle sizes are suitable for larger prints with oW tapered tip
. . tapered tip
wider strut separation
Speed of Feed rate (FR) 200-800.
¢ head Lower speeds lead to more accurate prints but reduce| Feed rate | Feed rate
print head | he number of prints possible within the 3D printing 500 400
window.

As already mentioned, the scaffolds are aqueous when they are being printed. To be used, they

required a drying stage. The drying options: critical point drying and freeze drying, are

evaluated in the following chapter.
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Figure 22. Schematic of the 3D printing set-up including an image of scaffold being 3D printed showing

the printing parameters required for a 1 mm strut separation scaffold.
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4.3.5 Composition compatibility study

This study compared the gelation over time of silica-gelatin hybrids with 60 - 95 wt% gelatin.
This high gelatin content range was investigated to avoid formation of hydroxycarbonate
apatite (HCA) on the scaffold surface when in vitro or in vivo, as seen on 30G foamed hybrids
(Mahony et al., 2014). The hybrids were prepared with a C-factor of 500 due to the results of
the crosslinking study. By comparing the time frame over which the hybrids gelled, due to the
continued sol-gel network condensation and GPTMS functionalisation, the most suitable
composition for 3D printing was chosen. The ideal composition would have had a very short
time period for solution-aging and a large time period where the gel is compatible with 3D
printing. This 3D compatibility period was named the printing window and the aim was to
select a composition that would maximize the number of scaffolds that could be printed per

batch of hybrid but with a reasonable solution-aging period.

Figure 23 graphically shows the time frames for solution-aging and the printing windows for
hybrids with increasing gelatin content. The 89G and 95G compositions did not form
printable solutions within 30 h of solution-aging and as the idea was to determine the most

efficient composition for 3D printing, these compositions were not studied further.

As shown in Figure 23, the solution-aging time and 3D printing window increased with
increased gelatin content. The increase in solution-aging time indicated slower condensation of
the sol-gel network. As the C-factor was maintained at CFS500, the amount of GPTMS
increased in proportion to the gelatin increase due to C-factor being a molar ratio. As the wt%
of gelatin in the hybrids was increased, the amount of TEOS in the system was decreased.
Condensation rate was strongly affected by the changes in composition and the slower
condensation indicated that the increase in GPTMS content could not compensate for the

reduction in TEOS content in terms of network formation and hence crosslinking.
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Figure 23. Graphical representation of solution-aging and printing window times for printable

compositions with increasing wt% gelatin and C-factor of 500.

The study identified 78G CF500 to be the most compatible hybrid composition for 3D
printing using the method developed. This was due to the convenient solution-aging time
period and large printing window. To 3D print 78 G CF500, the whole process from dissolving
the gelatin to 3D printing took 2 days. The hybrid was frozen in batches of 20 mL, which is
approximately the amount of hybrid that could be printed in the 4 h period. This made
scaffold synthesis convenient and efficient as the 20 mL batches could be stored in the freezer

until required.
The timeline for making the hybrid and 3D printing was:

Day 1 - Dissolve and functionalise gelatin, hydrolyse TEOS, mix the components and solution-

age for 5 hours. Place 78G CF500 hybrid in 20 mL syringes and freeze.

Day 2 - Place syringe containing frozen hybrid in the oven for 3 h to further solution-aging the

hybrid network. 3D print the 78G CF500 hybrid for 4 hours.

The 3D printing method is discussed in the previous section of this chapter.

Rheology

The rheological properties of 78G CF500 were examined to demonstrate the development of

the viscoelastic properties of the gel over time.
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Usually when robocasting, the shear thinning properties of 3D printing inks are tightly
monitored and controlled to produce accurate prints (Fu et al., 2011, Gao et al., 2013b). Shear
thinning inks are designed to flow through the nozzle when a force is applied but hold their
shape once extruded out of the printing nozzle. In a plot of storage modulus (G', elastic

1

properties) and loss modulus (G', viscous properties) for a shear thinning ink, G' would
decrease with increasing frequency and G'" would increase. At a certain frequency the lines
plotting G' and G'" would cross indicating predominantly ‘liquid-like’ behaviour at higher
frequencies. The shear thinning hybrid inks printed by Gao et al. gained their properties by
being uncrosslinked during 3D printing and therefore a two stage process was required to

chemically link the gelatin however inorganic and organic crosslinking was not achieved (Gao

et al., 2013b).

In Figure 24, G' and G'" of the 78G CF500 silica-gelatin hybrid gels were plotted against
increasing frequency over 15 h. Figure 24 shows that G' increased with frequency at each time
point. Also, at every time points other than 7 h, G' was an order of magnitude larger than G".
The silica-gelatin hybrid gels were therefore not shear thinning inks, and the G' and G'' plots
resemble those of highly crosslinked polymers (Hoch et al., 2012). The large elastic component
is due to the large degree of crosslinking caused by silica network condensation and
functionalisation of the gelatin with GPTMS. The time-dependent crosslinking of the silica-
gelatin hybrids made the gels difficult to characterise, but here, the hybrids were 3D printed

directly from sol in a one stage process to achieve highly crosslinked scaffolds.

When measuring the oscillatory rheology response, the gel was stored in bulk in a 40°C oven
and samples were removed at each time point. The hybrid gels were measured as a 1 mm layer
and despite using a solvent trap and applied temperature of 40°C this did not fully replicate
the conditions of 3D printing where the hybrid flowed gradually from the syringe to the nozzle
with no loss of solvent. Therefore, due to the difference in conditions between 3D printing and
the process of measuring the rheological properties, the exact values at a time point and rate of

increase of G' and G"' is likely to be slightly different, however the general trend is the same.
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Figure 24. The frequency dependence of storage and loss moduli of 78G CF500 hybrid gels increasing

solution-aging time.

To 3D print silica-gelatin hybrids functionalised by GPTMS using a robocasting method, the
ability to print did not come from shear thinning properties however 3D printing was still
possible. Rather than flowing through the tubing and nozzle, the highly crosslinked hybrid gel
was forced along the tubing and on exiting the nozzle was able to hold its shape. The
composition found most suitable for 3D printing via this extrusion method was 78G CF500
due to the convenient gelation rate and large printing window. To 3D print this hybrid
composition, a solution-aging time of 8 hours was required after which the hybrid gel was able

to be 3D printed for 4 hours.
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4.3.6 Silica network condensation

The silica network connectivity of the 78G CF500 silica-gelatin hybrid scaffolds produced
using the HF-free hybrid method, following the 3D printing route, were investigated by *’Si
MAS NMR. The new method was compared to the foaming method by Mahony et al.
(Mahony et al., 2010). The GPTMS connectivity and TEOS connectivity, respectively the T

and Q structure, were measured.

Table 7 compares the T and Q structure of 78G CF500 hybrids, the hybrid composition found
to be most suitable for 3D printing. The 78G CFS00 hybrid was produced using 4 different
methods. Method A was the newly developed HF-free hybrid method: 3 h functionalisation,
no HF addition and room temperature aging. Method D was the foaming method: 14 h
functionalisation, HF addition and 40°C aging. Comparing the degree of condensation, D, as
calculated using Equation 12, method A had a D, of 90.4 % whereas method D had a D, of
94.2 %. Method D had various differences: longer functionalisation, HF addition, and higher
temperature aging. To clarify how each of these parameters improved the network
connectivity, the parameters were adjusted individually. These intermediary control methods
were method B, longer functionalisation time, and method C, longer functionalisation time

plus HF addition.

Comparing method A to B, the only difference in method was functionalisation time. Method
A was functionalised for 3 h whereas B was functionalised for 14 h. The result of longer
functionalisation time was a D. 0.6 % lower than the HF-free hybrid method. Method B
showed an overall decrease in connectivity of the T structure as T' increased from 1.3 % to
1.8 % and T’ decreased from 39.0 % to 34.3 % for methods A and B respectively. The
condensation of TEOS in method B showed a slightly higher percentage of Q?, increased from
0.7 % to 1.1 %, and a positive increase in Q* from 31.8 % to 35.1 % for methods A and B
respectively. The overall change in D. was small, however the shorter functionalisation time
improved the T structure and reduced the Q* contribution to the silica network. This aligned
with FTIR data that suggested longer functionalisation times for GPTMS and gelatin were not

beneficial to the hybrid synthesis.
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Table 7. T structure, Q structure, and degree of condensation quantified by *’$5i MAS NMR for hybrids

synthesised using four different methods: A, B, C, and D. The composition of all hybrid are 78G

CF500.
Method A Method B Method C Method D
HF-fre§ 3D A +.increjase.d B+ LF Foaming
printing | functionalisation | 3 ygicion method
Functi'onalisation 3 14 14 14
time /h
é Solution-aging /h Until gelled Until gelled 1 1
§ HF addition No No Yes Yes
Aging temperature 1 1 1 40
48.6 49.3 48.3 -51.6
1.3 1.8 0.7 0.7
-58.4 -58.0 -58.7 -58.4
I [%] 19.0 18.8 11.8 9.4
T3 Siso | [ppm] -66.8 -66.6 -66.8 -66.9
I (%] 39.0 34.3 44.5 45.5
Q@ | % | lppm] -96.7 -95.9 - -97.0
I (%] 0.7 1.1 - 0.3
Q’ Siso | [ppm] -102.1 -1017 -102.5 -102.5
I (%] 8.2 9.0 11.0 8.1
Q* Siso | [ppm] -111.3 -111.0 -111.5 -111.7
I [%] 31.8 351 32.0 35.9
D, [%] 90.4 89.8 92.8 94.2

Comparing method B to method C allowed the effect of HF addition to be observed whilst

retaining the same functionalisation and aging temperature. In method C, gelling was induced

rapidly (minutes) by HF addition whereas in method B gelation occurred gradually (hours).

HF addition caused a 3 % increase in D, the most substantial increase of all the parameters

. . . . . 1
investigated. The most prominent improvement was in the T structure as T  more than halved

and T? decreased from 18.8 % to 11.8 %, while T° increased from 34.3 % to 44.5 % when
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HF was added. The lower species of the Q structure improved as Q* was no longer present,
and Q’ increased from 9.0 % to 11.0 %, however Q* decreased from 35.1 % to 32.0 %.

Overall, the T structure showed greater improvement than the Q species when HF was added.

Method D showed that 40°C aging provided a less pronounced improvement on D, compared
to the effects of HF addition, just 1.4 % increase in connectivity compared to method C. The
increased aging temperature induced further improvement to both the T and Q structure as T*

reduced from 11.8 % to 9.4 % while Q" increased from 32.0 % to 35.9 %.

Methods C and D were interesting to evaluate against the HF-free 3D printing method,
however neither HF nor a 40°C aging temperature were compatible with 3D printing. A visual
summary of the data is displayed in Figure 25. The results confirmed that the HF-free hybrid
method produced a hybrid material with a D. comparable to that of the foaming method. The
shorter functionalisation time of 3 h compared to 14 h slightly improved the condensation of

the T structure as well as speeding up the hybrid method.

T3

Method A

Method C

Method D

0 20 -40 -60 -80 -100 -120 -140 -160

6, (**SYppm

Figure 25. 26i MAS NMR spectra for Methods A, B, C, and D plus a schematic of the T3 structure.
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4.4 Summary

A method to 3D print silica-gelatin hybrids functionalised by GPTMS was developed. The
reaction times and composition were tailored to avoid rapid gelation yet still produce a highly
crosslinked and condensed material. To 3D print this gradually gelling material, the gelation

period compatible with 3D printing was determined and printing parameters were defined.

The HF-free hybrid method was determined by observing the changes in bonding in FTIR
spectra whilst varying the functionalisation time and aging conditions. The functionalisation
time was selected to be 3 h as 14 h showed no improvement to the bonding. The aging time
was chosen to be 7 days at 21°C due to the conditions being the most effective and compatible

with the HF-free method.

Taking the HF-free hybrid method forward, the effect of C-factor on the degree of crosslinking
of the hybrid material was investigated. The most efficient C-factor to crosslink the hybrid
using the HF-free method was CF500. It resulted in maximum crosslinking to the 78G hybrid

without being in excess.

The 3D printing parameters and composition compatibility studies were closely linked and
conducted in parallel. To 3D print the hybrid, the condensation of the sol-gel network which
caused crosslinking and hence gelation of the hybrid gel, had to reach a critical point in order
for the material to hold its shape once printed. This gelation period where printing was
possible was named the ‘printing window’ and was determined for various compositions, but
to know when the hybrid was in this window, it was necessary to have some knowledge of
how to 3D print the hybrid gel. The printing parameters were determined for the production
of two types of scaffolds, one with a strut separation of 1 mm, and another with strut
separation of 1.5 mm. 1 mm was found to be the minimum strut separation achievable due to
the aqueous nature of the sol. A smaller separation lead to fusion of the struts during aging,
and thinner struts could not be obtained by a lower deposition rate as it resulted in
inconsistent flow. Smaller nozzles were also incompatible as the gels could not flow though.
The limiting factor to the resolution of the 3D printed scaffolds was therefore the width of the
gel deposited when extruded through the smallest compatible nozzle with the lowest

compatible deposition rate.

The composition with the most convenient and efficient solution-aging time and printing

window was 78G CF500 as determined by the composition compatibility study. It had a
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solution-aging time of 8 h and printing window of 4 h which allowed hybrid production on
day 1 and 3D printing on day 2. This counteracts the claim by Gao et al. that silica-gelatin
hybrids functionalised by GPTMS were incompatible with 3D printing due to rapid gelation
(Gao et al., 2013b).

With the composition and method decided upon for 3D printing the silica-gelatin hybrid, the
network condensation of the 78G CF500 scaffolds were compared to 78F CF500 foams using
2’6 MAS NMR. The overall degree of network condensation, D, of the 3D printed scaffolds
was 90.4 %, just 3.8% less than the D, when using the foaming method. As HF nor aging at
40°C were compatible with 3D printing, the only adjustable variable before 3D printing was
the functionalisation time. When using the shorter functionalisation time selected for the HF-
free method, 3 h, the results showed a slight increase in the degree of condensation compared
to 14 h, in particular for the T species connectivity. This confirmed 3 h to be the right selection

for functionalisation time.
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CHAPTER 5. 3D PRINTED SCAFFOLD
PERFORMANCE
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5.1 Introduction

3D printing 78G CF500 silica-gelatin hybrid solutions has been proved possible through
careful selection of the hybrid reaction parameters and composition as determined in the
previous chapter. Here, different drying methods were investigated: freeze-drying and critical
point drying, to assess the effect on materials properties and scaffold structure. The difference

in properties led to a change in mechanical properties under compression and cell attachment.

Scaffold drying options

Freeze-drying (FD) was the initial method used to dry scaffolds as it was the drying method
used by Mahony ez al. to produce the silica-gelatin hybrid foams (Mahony and Jones, 2008).
FD is a technique whereby the transition from liquid to gas is avoided when removing aqueous
solvent from a material, however capillary stresses are experienced (Koebel, 2011). The
material is frozen and by applying controlled temperature (-96°C) and pressure (0.13 mbar),

the water present as ice is removed from the scaffold by sublimation.

The second drying method tested was critical point drying (CPD). CPD is a drying technique
which eliminates capillary stresses by avoiding the effects of liquid surface tension (Weibel and

Ober, 2003, Koebel, 2011).

To dry a gel using CPD, the sample solvent must be a pure ethanol. The drying method works
by replacing the ethanol in the samples with liquid carbon dioxide and elevating the
temperature (31.1°C) and pressure (1170 psi). At this critical point, the CO; liquid and vapour
states are indistinguishable and in this super-critical state have the same density and surface
tension. The liquid is then heated to convert the liquid to the gas phase without any distortion

of the morphology.

Gelatin is typically non-compatible with this process due to precipitation in ethanol, however
in a hybrid system with chemical crosslinks, shrinkage rather than precipitation was predicted

due to reduced electric charge interactions between the gelatin and solvent.

Porcine gelatin Type A is a low density polyelectrolyte with a pHjs, between 7 and 9, arising
from charged amino acids due to unequal distribution of carboxyl groups (negative charge)
and amino groups (nitrogen containing bases, positive charge) along the gelatin chain. During
synthesis, the pH is 4.4 and therefore lower than pHj,, resulting in a polycation. In aqueous

solvent, swelling of gelatin gels is observed. The polar solution is mobile within the gel
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providing counter-ions and causing swelling. Ethanol however has a low dielectric constant
compared to water, 24.3 A versus 78.5 A, so instead facilitates ion-pairing between
complementary ions along the gelatin chains, causing shrinkage. As the concentration of
ethanol in the solvent was increased during the solvent exchange, the hydrated gelation gel

began to de-swell and hence shrinkage was observed (Boral et al., 2006).

The hypothesis was that the 3D printed scaffolds dried by CPD would result in smaller
channel widths, compared to FD scaffolds due to the large shrinkage effects caused by the
solvent exchange required to perform CPD. As discussed in the previous chapter, the 3D
printed scaffolds are limited to a strut separation of 1 mm, hence a large degree of shrinkage

was required to achieve the channel width, 200-300 pm, desired for cartilage regeneration.
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5.2 Methods

The 3D printed scaffolds required characterisation in various forms. Firstly the composition of
CPD scaffolds was compared to that of FD scaffolds using TGA and DSC. The shrinkage of
the overall scaffold was measured and skeletal density measurements taken to calculate the
porosity. The degree of swelling of the scaffolds in TRIS was also measured to finalise the

characterisation of the materials properties.

SEM and micro-CT imaging was used to assess the channel width, strut width and internal
channels within the dried scaffold. The change in structure and materials properties induced by

FD and CPD led to the comparative study of mechanical, dissolution and cell testing of the
scaffolds.

The compressive strength of the scaffolds was determined to assess whether any of the
scaffolds produced matched the compressive properties of cartilage. Dissolution studies
measured the gelatin and silica release to give further insight into the hybrid structure on a
molecular level, and a second dissolution study assessed whether a detrimental HCA layer

would form on the scaffold surface.

Finally, various cell studies were performed by Dr Siwei Li on the FD and CPD scaffolds.
Firstly the cytotoxicity of the dissolution products was analysed and the compatibility of
preosteoblast and chondrogenic cell lines on the FD scaffolds printed with 1 mm pore channels
were observed. Secondly, the effects of channel width and cell seeding density on cartilage

matrix formation were investigated.



5.2.1 3D printed scaffold drying methods

The scaffolds were generated using the HF-free hybrid method and 3D printing parameters as
described in the previous chapter in Figure 16 and Table 6. Scaffolds with 1 mm and 1.5 mm
strut separation were produced. The hybrid composition used for all scaffolds was 78G
CF500. This was the composition determined to be most compatible with 3D printing from

the results of the crosslinking study and compatibility study in the previous chapter.

Freeze drying method
To FD the scaffolds, samples were first placed in the freezer overnight at -18°C, then in the

freeze-dryer for 2 days at -96°C, pressure 0.13 mbar (Thermo Scientific Heto PowerDry
LL1500).

Critical point drying method

To CPD the scaffolds, firstly, a solvent exchange was required to replace any water with
ethanol. The water was replaced gradually by soaking the scaffolds in a water-ethanol co-
solvent, starting with 10 % ethanol. After a minimum of 3 h, the solvent was replaced with a
20 % ethanol solvent and repeated with 10 % increments up to 100 % ethanol. After 3 h the

solution was replaced with fresh 100 % ethanol and left overnight.

The CPD (Tousimis 931 Series, 2.5 in I.D Chamber) was used in Stasis Mode, which means
the samples were held in the chamber with liquid CO; for an increased amount of time to
ensure all ethanol was removed before drying. The time of the stasis cycle was chosen to be 8 h
after consultation with Tousimis advisors. The stages of the CPD drying method are shown in
Figure 26: slow fill of 1.5 minutes, fill of 2.5 minutes, purge of 10 minutes and stasis of 8 h.
‘Cool’ refers to the chamber temperature, ‘fill’ refers to the introduction of liquid CO; into the
chamber, ‘purge’ is the removal of the alcohol-LCO, mixture and replacement of pure LCO;,
At this point the CPD enters stasis mode and after 8 h the earlier processes are repeated. The
critical point is achieved during ‘heat’, where the chamber warms to the critical point and
maintains a critical temperature and pressure of 31°C and 1072 psi/173.9 bar for 2 minutes.

After this, the chamber was decompressed during ‘bleed’ and ‘vent’.
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Figure 26. Schematic of CPD stages including stasis mode.
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5.2.2 Structure of dried scaffolds

The shrinkage effects, materials properties and structure induced by FD and CPD were
compared here. Scaffolds printed with 1 mm and 1.5 mm strut separation were dried using FD

or CPD after 1 week of scaffold-aging.

Firstly, the organic contents of the CPD and FD scaffolds were measured using TGA and DSC
analysis to ensure the ratio of inorganic to organic was not affected by the solvent exchange in
ethanol. To analyse the materials, TGA and DSC were performed using a Netzsch STA 449C
under the following conditions: 21°C to 800°C, ramp rate of 10 K min™, air flow rate 50 mL

L1 . . .
min ', in an alumina crucible (n=3).

The shrinkage induced by the FD and CPD process was calculated by measuring scaffold
dimensions using digital calipers (+/- 0.01 mm) (n > 7) at the following stages: after aging of

the 3D printed scaffold; after solvent exchange; after drying.

To assess the strut and channel structure of the dried scaffolds, the porosity of the scaffolds, o,
was calculated using skeletal density values obtained by helium pycnometry (Quantachrome
Ultrapycnometer, n = 20). To ensure results were stable, a control sample of known volume
was measured before and after sample analysis (n > 7). Porosity was calculated according to
Equation 13, where p; is the total scaffold density and p is the skeletal density.

Equation 13:  Porosity, ® = (1 —%) x 100

s

The porosity is calculated from the division of p, by ps, which is effectively the division of the
skeletal volume by total volume, as they use the same mass. This gives the vol% occupied by
the hybrid material in the porous scaffold. The porosity is defined as the vol% not occupied by

material, i.e. the volume of pores.

A swelling study in TRIS was performed on FD and CPD scaffolds printed with 1 mm strut
separation to assess the effect of drying method on water uptake. Each scaffold was immersed
in 5 ml of TRIS for 24 h (n = 6), the scaffold dimensions were measured using digital calipers

(+/- 0.01 mm) before and after immersion.

To measure the strut and channel width of the scaffolds, 2D images were obtained using SEM.
To prepare the scaffold samples for SEM, scaffolds were cut parallel (x,y cross section) and
perpendicular (z,y cross section) to 3D printed layers, and attached to a metal SEM stub using
carbon tape. As the scaffolds are non-conductive, silver paint was used as a contact from the

base to the surface and scaffolds were coated in chromium to allow a voltage to be applied
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across the surface. This is done using a sputter coater (Quorum, Q150T) set to a 5 nm coating.
Secondary electron imaging was achieved using a JEOL JSM 6010 SEM in normal scanning
mode with an accelerating voltage of 20 kV, working distance of 19 c¢m, spot size of 50 and
x50 magnification. To measure channel width and strut width, x30 magnification images were

analysed using Image] software (n = 30 horizontal measurements).

High resolution FEGSEM images were taken to compare the difference in surface texture. The
samples were prepared as described above for SEM, however the Zeiss Auriga Cross Beam
SEM was used. The FEGSEM was used InLens with an accelerating voltage of 5 kV, working

distance of 5.4 mm.

3D reconstructions of the scaffolds were generated from micro-CT tomographs to compare the
structures formed by FD and CPD drying methods. The Diamond Manchester Imaging
Branchline 113 was under the conditions of 0.1° intervals, 1 s exposure, 12 keV beam energy.
The tomographs obtained were then layered and rendered using Avizo software to generate the

3D reconstructions of the scaffolds and the internal pores.
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5.2.3 Dissolution characteristics

Dissolution testing was performed in both SBF and TRIS over a one-month period. The SBF
test was a preliminary experiment to assess HCA formation on the surface of the silica-gelatin
hybrid FD scaffolds. The dissolution study in TRIS assessed the silica and gelatin release of
both FD and CPD 78G CF500 scaffolds produced by 3D printing with 1 mm strut separation.

Dissolution

150 mg of dried scaffold was immersed in 100 mL of solution (SBF or TRIS) and stored in an
incubator shaker for the duration of the study (n = 3). Time points were performed at the
following hours: 0, 1, 2, 4, 8, 24, 48, 72, 168 (1 week), 336 (2 weeks), 504 (3 weeks), 672 (4
weeks). At the 12 given time points, the pH was measured and solution was removed for
inductively coupled plasma optical emission spectroscopy (ICP) and gelatin detection by BCA

assay. The removed solution was replenished with fresh solution.

ICP samples were examined at the end of the dissolution study whereas BCA was done

immediately after the time point.

The ICP used was a Thermo Scientific iCAP 6300 Duo inductively coupled plasma optical
spectrometer (ICP-AES) with an auto sampler (ASX-520) (n = 3). To prepare the samples, 1
mL of solution was removed and added to 9 mL of 1 M HNOj at each time point. Before ICP
analysis, the solutions were filtered using a Minisat 0.2 pm syringe filter (Satorius stedim
biotech, Germany) to remove gelatin from the solutions as polymers are not compatible with
ICP analysis. When using SBF, phosphorous and calcium ion concentrations were measured.
When using TRIS, only silicon was measured. Standards were prepared for the relevant ions:
0,2,5,20,40 pg mL", used for the calibration curve which was measured at the beginning of

each sequence.

For the BCA assay (Pierce BCA Protein Assay kit) in the TRIS study, 25 pl aliquots (n = 3)
were placed into 96-well plates for each sample. 200 pl of working reagent (bicinchoninic
acid) was added to each well and shaken for 30 s. The microplate was then incubated for 4 h
before reading the absorption values at 562 nm using a microplate reader (SpectraMax MS$).
The assay was less sensitive to gelatin than to the protein it is designed to work with, albumin,
so to lower the minimum detection range of the assay the microplate incubation time was
increased to 4 h. BCA standards: 0, 2.5, 5, 26, 62.5, 125, 250 pg ml”, were produced using

1mg mL" gelatin solution and measured alongside each time point.
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Post dissolution analysis

To complete the dissolution study in SBF, XRD was performed on the FD scaffolds after the 4
week study. Samples were rinsed 3x in DI water and dried in a 40°C oven overnight before
grinding to a powder for XRD analysis. The diffraction was measured with a PANalytical
X’Pert Pro MPD XRD between 5° and 80° 26, with a 0.03° step size and a total counting time

of 15 minutes.
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5.2.4 Compressive strength

The compressive strength of FD scaffolds (700 pm channels) were compared whilst dry and
wet, after 1 week soaking in TRIS. CPD scaffolds (200 pm channels) were only tested wet. The
scaffolds were filed into cubes with equal height and width before testing. When testing wet
scaffolds, the filing was done before immersion into TRIS. The diameters and height of the
samples were measured before compressive testing began in order to calculate the stress and
strain values. The compression testing unit used was a Bose ElectroForce® 3200 Series III
Extended Stroke. It was used with a 440 N load cell and compression rate of 0.5 mm min™".
The scaffold was placed between the testing plates and the compression extension value zeroed

on contact with the scaffold. In each sample set, 8 scaffolds were tested.

To probe the failure mechanism of the scaffolds, micro-CT was used to image a FD scaffold
(700 pm channels) under increasing compressive stress: 0 MPa, 0.56 MPa, 0.71 MPa and 0.76
MPa applied by the P2P rig. The set-up is shown in Figure 27. The scaffold was held under
static load whilst being scanned after a relaxation time of 20 minutes. The Diamond
Manchester Imaging Branchline 113 was used to collect the micro-CT data. Parameters were

0.1° interval, 1 s exposure, 12 keV beam energy.

Figure 27. Diamond beamline compression testing rig. Images demonstate a) the P2P rig and b) the

scaffold placed within the compression unit.
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5.2.5 Caell Interactions

Cell work was performed by Dr Siwei Li on silica-gelatin hybrid 3D printed scaffolds with
composition 78G CF500. All cell culture reagents were obtained from Invitrogen and Sigma-
Aldrich UK unless specified otherwise. ATDCS murine chondrogenic cell line (ATCC, UK) was
culture expanded in basal DMEM supplemented with 5 % (v/v) FCS (foetal calf serum), 100
unit mL" penicillin, 100 pg mL" streptomycin and 1x ITS liquid supplement (10 pg mL"
insulin, 5.5 pg mL" transferrin and 5 ng mL" selenite premix). Pre-osteoblast cell line
MCT3T3 cells were culture expanded in basal a-MEM supplemented with 10 % (v/v) FCS,
100 unit mL" penicillin and 100 pg mL"' streptomycin. Cultures were maintained in
humidified atmosphere at 37°C, 5 % CO; and 21 % O,. Upon confluence, cells were passaged
using 500 pg mL™" trypsin-EDTA (ethylene diamine tetra-acetic acid).

Cell viability

To begin, the in vitro cytotoxicity of the material was examined by assessing the metabolic
activity of ATDCS and MCT3T3 cells after exposure to the dissolution products of the 78G
CF500 scaffolds, in accordance to ISO 10993-5 and ISO 10993-12 (Standardization, 2009).
Dissolution products released by the powder form of the 78G CF500 scaffolds (0.2 g mL™ in
DMEM and a-MEM at 37°C) over a 72 h period were prepared. Medical grade polyethylene
(PE) was used as non-cytotoxic negative control and polyurethane (PU) containing 0.1 %
(w/w) zinc diethyldithiocarbamate (ZDEC) was used as positive control, which induces
reproducible cytotoxic response. The dissolution products were filter sterilised and dilution
series (25 %, 50 %, 75 % and 100 %) were prepared and supplemented with 10 % (v/v) FCS

prior to use in cell viability assays.

Cell viability was assessed by a calorimetric cell metabolic activity assay based on the
conversion of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) into
formazan. The cells were seeded at 1x10” cells per well on 96-well plates and left to grow in
respective basal media for 24 h until a sub-confluent monolayer was formed. The culture
media was removed and cells were then incubated with fresh basal media, dissolution products
of 78G CF500 scaffolds or controls for a further 24 h. The culture media was removed and
MTT diluted in serum-free media at a concentration of 1 mg mL" was added. Following an
incubation period of 2 h, the MTT solution was removed and each well was filled with 100 pL
DMSO and shaken briefly to dissolve the formazan derivatives. The optical density was

measured spectrophotometrically at 570 nm using a microplate reader (SpectraMax MS).
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Cell attachment

A 3-day cell attachment study was performed using the two cell lines: ATDCS and MCT3T3,
on the FD 700 pm channel scaffolds. The cells were stained for cytoskeletal protein actin,
vimentin and nuclei. The abundance of these dictated how well attached the cells were to the

surface and their likelihood of proliferation and survival.

For cell attachment studies, 78G CF500 3D printed scaffolds (approximately 5x5x2 mm?)
were sterilised with 70 % ethanol for 1 minute. Following washing with a copious amount of
PBS, each sample was preconditioned for 30 minutes in respective serum-free media for each
cell type in humidified atmosphere at 37°C, § % CO, and 21 % O,. Each sample was

transferred to a sterile 50 mL centrifuge tube fitted with a filter cap.

Cells were harvested and suspended in basal media. 5 mL of cell suspension containing 3x10°
cells was added to each centrifuge tube containing the 78G CF500 scaffold and incubated in a
humidified atmosphere at 37°C, 5§ % CO; and 21 % O, for 2 h, with gentle agitation every 30
minutes to allow for diffusion and well-distributed cell adhesion. Cell-seeded scaffolds were
collected on day 3 and analysed for cell attachment by immunohistochemistry staining and

confocal microscopy.

Cartilaginous matrix formation

The results of mechanical testing and the cell attachment study indicated the scaffolds to be
more suitable for cartilage regeneration. Therefore, a 28 day cartilaginous matrix formation
study of ATDCS cells was performed on scaffolds with 200 pm (CPD) and 700 pm (FD)
channel width to assess how channel width and cell seeding density affected the cell and

matrix distribution throughout the scaffold.

For cartilaginous matrix formation, the 3x10° or 10x10° (for 700 pm channel width scaffolds)
cells were seeded as described above. On day 3, basal DMEM was replaced by chondrogenic
media and cultured for further 21 days with media change every 3-4 days. The chondrogenic
media was made up of DMEM supplemented with 10 ng mL"' rhTGF-g3 (100-36E,
PeproTech, UK), 100 pM (28.95 pg mL™) L- Ascorbic acid 2-phosphate, 10 nM (3.92 ng mL’
') dexamethasone and 1x ITS liquid supplement, a modification of the media described in
previous studies (Mackay et al., 1998). After 28 days, the seeded scaffolds were analysed by

immunohistochemistry staining and confocal microscopy.
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Evaluating cell behaviour

Immunohistochemistry staining

Cell-seeded constructs were fixed with 4 % paraformaldehyde (PFA) and used for
immunohistochemical analysis of cell attachment and cartilaginous matrix formation.
Following permeabilisation with buffered 0.5 % Triton X-100 in PBS (300 mM sucrose, 50
mM NaCl, 3 mM MgCl,, 20 mM Hepes and pH 7.2) and blocking with 10 mg mL™" BSA in
PBS, samples were incubated with relevant primary antiserum at 4°C overnight. This was
followed by hour-long incubation with Alexa Fluor® 488-conjugated secondary antibody.
Negative controls (omission of the primary antisera) were performed in all
immunohistochemistry procedures. No staining was observed in the samples used as negative

controls.

Cytoskeletal marker anti-Vimentin antibody (rabbit polyclonal, IgG, Abcam, Cambridge, UK)
was used at a dilution of 1:500 dilution in 10 mg mL™ BSA. Chondrogenic differentiation and
cartilaginous matrix markers, anti- Sox9, aggrecan, collagen Type II, collagen Type I and

collagen Type X antibodies were used at dilutions of 1:150, 1:500, 1:500, 1:1000 and 1:100
respectively in 10 mg mL™" BSA.

F-actin was labelled using CytoPainter F-actin staining kit (Abcam, Cambridge, UK) following
the manufacture’s instruction. Briefly, Alexa Fluor® 568-conjugated phalloidin (1:1000
dilution in labelling buffer) was added simultaneously with the secondary antibody during the

incubation period. All samples were counter-stained with DAPI (0.1 pg mL™ in PBS).

Confocal microscopy

The samples were imaged under confocal microscopy (Leica SP5 MP laser scanning confocal

microscope and software, Leica Microsystems, Wetzlar, Germany).
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5.3 Results and discussion

To characterise the 3D printed scaffolds, firstly the effects of freeze drying and critical point

drying on the inherent materials properties and scaffold structure were measured.

The scaffolds now characterised by their channel width and drying method, were tested under
compressive loads and the failure mechanism analysed. Dissolution testing and cell studies

were performed to assess the compatibility of the scaffolds in vitro.



5.3.1 Dried 3D printed scaffolds
Once a method had been established for 3D printing the silica-gelatin hybrid, FD and CPD

were used to dry the scaffolds. As the smallest strut spacing that could be achieved by 3D
printing was 1 mm, the aim was to utilise uniform shrinkage induced by the drying method to
create scaffolds with the desired channel width of 200-300 pm. Due to the solvent exchange
stage required for CPD, CPD was expected to result in smaller scaffolds compared to FD. This

was achieved as shown below in Figure 28.

Figure 28. Photo of 3D printed 78G CF500 scaffolds printed with 1 mm strut separation dried by a)

freeze drying and b) critical point drying. The scaffolds are imaged from the side and from above to

show the difference in size of the scaffolds after drying. Scale bar 0.5 cm.

Thermal analysis

As gelatin is known to precipitate in ethanol, compositional analysis was performed to ensure
gelatin was not lost from the hybrid system during the required solvent exchange stage of
CPD. TGA and DSC were used to compare the silica-gelatin composition of the 78G CF500
scaffolds dried by FD and CPD in Figure 29. For CPD scaffolds, the remaining mass after
heating to 750°C was 27 % versus 28 % for FD which corresponded to the remaining

inorganic.

The TGA curve of the functionalised gelatin samples showed initial mass loss of solvent and
unreacted components before 250°C. Above this temperature, there were two stages of mass
loss. A sharp loss of mass at 340°C is attributed to the thermal degradation of GPTMS organic
chains. Here, the mass loss was not steep as GPTMS chains were bonded to the gelatin. The
shallow peak at ~370°C was attributed to the helical structure breakage and degradation of
proteins, predominantly proline (Correia et al., 2013, Cesario et al., 2011, Ren et al., 2010).
At 620°C, a second peak was seen in the DSC which corresponded to the oxidation of glycine,
the smallest amino acid, which completed the thermal decomposition of the organic

component of the hybrid (Cesario et al., 2011).
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By removing the mass loss due to solvent, the organic:inorganic ratio for CPD and FD
scaffolds were 72:28 and 70:30. The very similar plots and organic:inorganic ratio indicated
that little of the gelatin content was lost during solvent exchange of CPD compared to FD,
however a small amount of silica appears to be lost, potentially due to the 24 h soaking in

ethanol.

DSC/mW mg
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Figure 29. TGA and DSC analysis comparing 78G CF500 scaffolds dried via FD (black lines) and CPD

(red lines).

Shrinkage and porosity
FD and CPD induced different amounts of shrinkage to the scaffolds as evident from the
photographs in Figure 28. Table 8 summarises the shrinkage and porosity of the scaffolds

printed with 1 mm strut separation.

Both drying methods induced shrinkage. To dry scaffolds using CPD, the replacement of water
with ethanol induced additional shrinkage to the gelatin-based gel as the reduced dielectric
constant of ethanol encouraged ion-pairing between gelatin molecules. As a result, 52 = 3 %
shrinkage occurred as the number of counter-ions in the solvent was reduced. After the drying
process, the volume reduced by a further 57 = 3 % for CPD scaffolds, to a total of 80 = 1 %
shrinkage. FD scaffolds incurred 42 % shrinkage due to capillary stresses. In total, the

shrinkage for CPD scaffolds was approximately double the shrinkage of the FD scaffolds.

Despite the large decrease in overall volume of CPD scaffolds, the skeletal density increased

only slightly, from 1.5 g cc™ (FD) to 1.7 g e (CPD). To understand this, the shrinkage of the
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individual struts must be considered as seen in Figure 31 and Figure 32 and measured in Table
9. Despite the reduced shrinkage of the FD scaffolds overall, the FD struts were an order of
magnitude smaller than the CPD struts and overall volume was maintained by the larger
channel width. Therefore, the FD and CPD drying methods had little effect on skeletal density

but strongly effected channel width.

The skeletal density was used to calculate porosity using Equation 13. The porosity was 88 %
and 72 % for FD and CPD scaffolds respectively. Both are comparable to the porosity of

cancellous bone, the typical benchmark for tissue scaffolds (Renders ez al., 2007).

Table 8. Summary of shrinkage, skeletal density and porosity of FD and CPD scaffolds printed with 1

mm strut separation.

Drying Shrinkage after Shrinkage after | ps, Skeletal ¢, Porosity
Method | solvent exchange /% drying /% density /g cc”' /%
FD - 42+0 1.5 88 =1
CPD 523 80 =1 1.7 72+ 0

Channels and Struts
Scaffolds printed with a strut separation of 1.5 mm were achieved first and the preliminary
SEM images of these FD scaffolds, an example of which is shown in Figure 30, indicated

channels in all 3 directions, X, Y and Z.

Figure 30. SEM of preliminary 3D printed 78G CF500 FD scaffolds with 15° tilt along Z axis, 20 kV.
Scale bar is 500 pm.
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Later results showed a different structure of the scaffolds printed with the same parameters.
The SEM images of 1.5 mm and 1 mm strut separation scaffolds in Figure 31 and Figure 32
respectively, show direct, vertical channels in the XY cross section, and reduced interconnects
in ZY directions due to collapse of struts which fused with the layer below to form an almost
solid wall. The structure was seen for all further scaffolds regardless of drying method or strut

separation.

In both Figure 31 and Figure 32, images a and ¢ of the XY cross section show direct channels
in the Z direction, however images b and d show solid walls rather than open channels in the
X and Y directions. The printing parameters had not changed, however initial results were
obtained in the winter months while the majority of the scaffolds produced in the summer
months. Between these seasons there was an approximately 5°C temperature increase in the
lab so the collapse of layered struts to form the scaffold walls may have been due to the

increase in ambient temperature.

Despite the reduced interconnectivity in the X and Y directions, the walls now present in the
scaffolds had potential to improve compressive strength. The very open channels in the Z
direction potentially allow for faster migration of cells and nutrients compared to foamed
structures and although the number of interconnects across the walls is small, they are large

compared to the size of chondrocytes which are ~20 pm in diameter.

The CPD scaffolds had a more similar morphological appearance to the 3D printed scaffolds
by Gao et al. (Gao et al., 2013b) than the FD scaffolds, as cylindrical struts were retained
during CPD, despite being fused. The post-printing crosslinking treatment used by Gao et al.
had similarities to the CPD process. To crosslink the scaffolds, they were immersed in 95 %
ethanol for 12 h followed by vacuum drying which would have had similar effects on the

scaffold as the solvent exchange followed by CPD method used here.
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Figure 31. SEM images a,b) FD and c,d) CPD 78G CF500 scaffolds printed with 1.5 mm printed strut

separation, 20 kV. Images show a,c) XY cross section and b,d) ZY cross section. Scale bar is 500 pm.

Figure 32. SEM images a,b) FD and ¢,d) CPD 78G CF500 scaffolds printed with 1 mm printed strut

separation, 20 kV. Images show a,c) XY cross section and b,d) ZY cross section. Scale bar is 500 pm.
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To obtain a clear picture of the internal structure of the scaffolds, micro-CT images were
reconstructed, as shown in Figure 33. Images a, b and ¢ show the FD scaffolds viewed in three
orientations: YZ, XY, XZ. Images d and e show the CPD scaffolds in two orientations, YZ
and XY. The third orientation, XZ looked similar to YZ. Due to the small pore width
compared to strut width of the CPD scaffolds, interconnectivity and channels were not clear so
3D renders of the pores (with the scaffold material removed) were also generated as seen in

images f and g.

The most prominent difference between these images and SEM are that channels in the Z axis

are not direct channels. There is only one set of walls formed by fused struts within the bulk of
the scaffolds.

CPD
d)

0.5mm

Figure 33. 3D reconstructions of FD scaffolds (a,b,c) and CPD scaffolds (d,e) and the pore channels
within the CPD scaffolds (f,g). The images are of scaffolds are viewed in the a,d) YZ, b,e,f) XY and ¢,g)
XZ plane (micro-CT, Diamond Light Source) (Figures d,e,f,g courtesy of Xiaomeng Shi).

In the X-direction as defined by Figure 33, the struts had merged resulting in dense walls,
clearly seen in the FD scaffolds (Figure 33¢c) and inferred from the lack of porosity in one plane

for the CPD scaffolds (Figure 33f). Perpendicular to these dense walls, Y-direction, the struts
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were not aligned and therefore the dense walls did not form after aging and drying. The
individual struts were seen in all the FD micro-CT images and can be visualised from the

porosity of the CPD scaffolds in Figure 33g.

My prediction is that the shift in struts occurred after printing rather than during as the struts
appear misaligned in the micro-CT images but aligned in SEM. There is a chance the struts
shifted during scaffold-aging to accommodate the weight of the struts above resulting in this
structure and therefore the porosity and channels changed depending on the location within
the printed scaffold and the loads experienced locally during aging. This was not ideal in terms
of mechanical properties as it was expected to induce variation to a scaffold generation
method that was hoped to minimise variation, however, the dense walls had potential to

improve compressive strength.

Channel width and strut width

The mean channel and pore width were measured from ZY cross section SEM images using

Image ] software and summarised in Table 9.

The channel width of CPD scaffolds printed with 1 mm strut separation had a mean value of
210 = 53 pm whereas FD scaffolds had a mean channel width of 682 + 92 pm. The 1 mm strut
separation CPD scaffolds had a channel width 69 % smaller than the FD scaffolds. Similarly
for the 1.5 mm printed strut separation scaffolds, the CPD channels were 74 % smaller than
the FD scaffolds. The values were 319 + 80 pm for CPD channels rather than 1229 + 124 pm
for FD channels. The increase in channel width of the CPD scaffolds correlated to the increase
in strut separation from 3D printed strut separation, 1 mm to 1.5 mm (50 % increase) as the
channel width increased by 52% for CPD scaffolds whereas FD scaffold channels increased by
81 %.

The FD scaffold struts/wall thickness was difficult to measure accurately using the Image ]
software, however in both cases the thickness was below 40 pm due to the shrinkage and
distortion caused by the freeze drying method (Eisenback, 1986). The CPD scaffolds had
rounded, distinguishable struts despite fusion with the upper and lower layers. The strut
widths were measured horizontally to avoid any increase in size due to fusion, and 162 = 27
pm and 299 = 41 pm strut widths were measured for 1 mm and 1.5 mm strut separation
scaffolds respectively. The mean strut width for 1 mm strut separation scaffolds was 54 % the
strut width of the 1.5 mm strut separation scaffolds. This increase in strut width was due to
the increased deposition rate and slower print speed used to print the 1.5 mm strut separation

scaffolds as opposed to 1 mm scaffolds.
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To simplify the scaffold descriptions going forward, the scaffolds 3D printed with 1 mm strut
separation will be referred to as FD 700 pm, and CPD 200 pm. The scaffolds 3D printed with
1.5 mm strut separation will be referred to as FD 1200 pm, and CPD 300 pm, where the

number in microns represents the approximate channel width of the scaffold.

Table 9. The mean pore width for FD and CPD scaffolds with 1 mm and 1.5 mm printed strut

separation. Errors represent the standard deviation of the set of measurements (n > 20).

Printe.d strut Scaffold drying Mea.m channel M'ean strut Scaffold identity
separation /mm method width /pm width /pm
1 FD 682 = 92 <40 FD700
1 CPD 210 = 53 162 =27 CPD200
1.5 FD 1229 + 124 <40 FD1200
1.5 CPD 319 = 80 299 + 41 CPD300

Overall, the channel width and pore width measurements indicated the gelatin-hybrid 3D
printed scaffolds to be considerably more compatible with CPD than FD, as the structure can
be more accurately controlled despite the shrinkage induced by solvent exchange. Compared
to silica-gelatin hybrids printed by Gao et al., the strut and channel widths here are similar;

Gao et al. 3D printed scaffolds with ~350 pm strut width and ~550 pm channel width.

Surface texture

Overall, the surface texture of the CPD scaffolds appeared much smoother than the surface of
the FD scaffolds which appeared shrivelled. This is seen in images a and ¢, in both Figure 31
and Figure 32. The shrivelled appearance of FD scaffolds is due to the sublimation of the ice
crystals and is known to produce distortion in samples (Eisenback, 1986). The CPD scaffolds

appear smooth as the effects of surface tension are avoided during the drying stage.

To further probe the surface of the scaffolds dried by both FD and CPD, higher magnification
images were taken and presented in Figure 34. The CPD scaffold surface showed spherical
nanoparticles embedded within a polymeric matrix. The formation of spherical sol-gel
nanoparticles is characteristic of sol-gel derived mesoporous silica (Lin et al., 2009) and the
formation of spherical sol-gel nanoparticles embedded with a polymeric matrix as previously
seen by Mahony et al. in ground silica-gelatin samples (Mahony, 2010). The mechanism for
gelation is the same in the hybrids as for sol-gel derived mesoporous silica, however in hybrids,
the polymeric matrix of GPTMS functionalised gelatin embeds and chemically binds to the

particles. The FD scaffold had a smooth, uncharacteristic surface, however the image captured
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shows an area damaged by over exposure of the beam and directly beneath the surface, the

typical sol-gel hybrid texture was visible.

b)

Figure 34. SEM inLens images of 78G CF500 scaffolds a) electron beam damaged FD scaffold surface
and b) CPD scaffold surface. Scale bar is 400 nm.

The smooth surface of FD scaffolds is likely to be an effect of the capillary stresses experienced
during freeze drying or the long scaffold-aging times during which the gelatin outer layer may
have formed to reduce surface tension. CPD scaffolds were prepared using the same scaffold-
aging conditions, however the solvent exchange caused shrinkage of the gelatin network and
CPD avoided capillary stresses. One or both of these factors is predicted to be the cause of the

revealed sol-gel particles.

Swelling effects

The swelling of the scaffolds after 24 h in TRIS was found to be higher for CPD scaffolds than
FD scaffolds, 156 = 7 % versus 112 + 3 % respectively. The result is an improvement on silica-
gelatin hybrid scaffolds produced by Gao et al. which showed 440 % swelling in just 2 h.
Swelling is caused by water breaking gelatin-gelatin hydrogen bonds and forming gelatin-water
hydrogen bonds. The increase in CPD scaffold swelling is predicted to be due to slight
mesoporosity of the organic network due to the removal of capillary stresses during drying.
Mesopores in the CPD scaffolds would allow for easier infiltration of water into the network

compared to FD scaffolds.

Overall, swelling values were low which suggests the scaffolds produced here had higher
crosslinking compared to Gao et al., as crosslinks prevent water from entering the gelatin
network (Ren et al., 2001a). Comparing the strut dimensions and separations, scaffolds by
Gao et al. swelled from ~550 pm to ~1.2 mm strut separation and strut width increased from
~350 pm to ~510 pm in just two hours. In this case, assuming uniform swelling of struts and

channels (116 % swelling in terms of length for CPD scaffolds), the CPD 200 pm scaffolds
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swelled to approximately 190 pm strut width with 240 pm channel width, which is still within

the desired channel width for cartilage regeneration.

The CPD 200 pm and CPD 300 pm scaffolds achieved the desired channel width for cartilage
tissue scaffolds. The FD scaffolds both have a channel width larger than desired, however
taking the scaffolds forward it was considered more interesting to compare CPD scaffolds to
FD scaffolds and future work will focus on scaffolds printed with 1 mm strut separation: FD

700 pm, and CPD 200 pm.
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5.3.2 Dissolution properties of scaffolds

Hydroxycarbonate apatite formation

HCA formation on a material is triggered by the release of cations, such as calcium, and
formation of silanol groups on the surface, which can nucleate calcium phosphate rich layer
formation (Hench and Polak, 2002). HCA formation is detrimental to the regeneration of
cartilage, as the increase in surface stiffness, and presence of calcium phosphate mineral,
triggers dedifferentiation of chondrocytes, reducing the amount of hyaline cartilage and
increasing the amount of fibrocartilage (Allen et al., 2012, Maldonado and Nam, 2013). The
dissolution study conducted by Mahony et al. (Mahony et al., 2014) indicated HCA formation
for 30G scaffolds with CF0, CF100 and CF500, however HCA did not form on 30G CF1500
foams. To avoid HCA formation on the 3D printed scaffolds designed for cartilage tissue, a
high ratio of gelatin to silica and crosslinking was used as it is the silica surface which plays a
role in HCA formation. To assess the scaffold HCA formation, a dissolution study was

performed in SBF.

During the SBF study, the solutions were analysed to measure the levels of calcium and
phosphorus in the SBF. When HCA forms on the surface of scaffolds, calcium and phosphorus
from the solution are depleted to form the surface layer. Figure 35a, plots the calcium and
phosphorus levels in the solution. The steady calcium and phosphorus levels suggest that HCA
did not form on the surface. The slight deviation from the control is likely to be due to
homogeneous precipitation. Figure 35b shows the XRD pattern of the scaffold post dissolution
after rinsing in DI water. The amorphous halo is observed due to the short range order of the
amorphous material, and no HCA peaks were observed. The scaffolds are therefore unlikely to

form HCA in vivo, a positive result.
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Figure 35. a) Elemental concentration of calcium and phosphorus in SBF following the immersion of FD
700 pm 78G CF500 scaffolds over a one month period; b) XRD pattern of scaffold post dissolution
study in SBF.

Dissolution in TRIS

The dissolution profiles of CPD and FD scaffolds were monitored over a 4 week study in
TRIS. TRIS was used rather than SBF as HCA formation was no longer a concern. CPD 200
pm scaffolds and FD 700 pm scaffolds were compared, the two scaffolds printed with 1 mm

strut separation.

The release of gelatin and silicon in the form of soluble silica was measured over the four week
study. The results are presented in Figure 36a and b for silicon and gelatin release respectively.
The silicon release for both scaffolds had a very similar profile in the first 72 h, however the
total silicon release was less for CPD scaffolds (105 pm mL™") than for FD scaffolds (117 pm
mL™). The gelatin release was consistent independent of drying method, a mean of 32 pm mL™

of gelatin was released over the 4 week study.

Compared to the 30G CFS500 foams produced by Mahony et al. the release of gelatin from the
3D printed scaffolds was very low, but silicon release was high (Mahony et al., 2010). The
amount of material added to the solution for dissolution testing was greater in the study by
Mahony et al., 200 mg in 100 ml, compared to 150 mg in 100 ml used here, so quoted values
have been adjusted to make the values comparable. The 30G CF500 foams released ~56 pm
mL™”, so despite the higher gelatin content, the gelatin release from the 3D printed scaffolds
was lower. The silicon release of the foams levelled off at ~45 pm mL™, less than half the

release observed in the 3D printed scaffolds, despite the lower silica content.

The solid state NMR results of the HF-free 3D printing method versus the foaming method

(section 4.3.6), indicated similarly condensed materials; the Q structure in particular had
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negligible differences. However, the dissolution results suggest otherwise and the 3D printed
hybrids appear to have a more highly crosslinked functionalised gelatin network whereas the
silica is released more readily compared to the foams. Looking at the percentages of the T
species, there is approximately double the percentage of T' and T in the 3D printed hybrids
compared to the foams. This suggests the increase in silicon release could be from GPTMS
molecules released by hydrolysis of the ester bond. Another consideration is surface area. The
direct channels in the 3D printed scaffold are expected to have reduced the surface area
compared to the foams, which may be the cause for higher gelatin release in the foams. It is
also likely that the addition of HF used by Mahoney et al. broke down the gelatin chains
which would have caused faster release (Gore, 1869, Mahony et al., 2014).
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Figure 36. Dissolution profile of a) silicon and b) gelatin over a one month period in TRIS. 78G CF500
CPD 200 pm were compared to FD 700 pm scaffolds, both printed with 1 mm strut separation.

The silicon and gelatin release can be calculated as a percentage of the initial inorganic and

organic mass. From the TGA of the organic:inorganic ratio for CPD and FD scaffolds were
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72:28 and 70:30 respectively. Considering FD scaffolds first, of the 150 mg of scaffold used
for dissolution, 45 mg was silica and 105 mg was organic. Therefore, the 117 pm mL™ silicon
release of the FD scaffolds after 4 weeks, 11.7 mg, was 26 % of the total inorganic. The 31 pm
mL™" gelatin release, 3.1 mg, was 3 % or the total organic. For CPD scaffolds, the inorganic
release was 25 % and organic release was 3 %. After the one month study, the scaffolds had
not changed in appearance as the low gelatin release resulted in volume stability of the
scaffolds. Considering the silicon loss is measured here, the soluble silica loss is approximately

3.4x greater if the silicon is lost in the form of Si(OH)4 and the mass is greater if Si is lost

though cleavage of the GPTMS ester bond.
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5.3.3 Mechanical properties of scaffolds

Compression testing of 78G CF500 scaffolds: FD 700 pm and CPD 200 pm were compared

when wet, after one week soaking in TRIS. The FD 700 pm properties were also characterised

when dry. Table 10 gives the mean values obtained from compressive testing. The porosity

values, the highest strength foams produced by Mahony ez al. (40G CF1000) (Mahony et al.,

2010), and cartilage tissue values are included for reference. Figure 37 shows representative

plots of the stress strain curve for each type of scaffold tested.

Table 10. Mechanical properties of dry and wet (one week soaking in TRIS) 78G CF500 3D printed
scaffolds (n = >6), 40G CF1000 foams (Mahony, 2010) and hyaline cartilage.

1997)

Compressive |Young’s modulus, . . |Porosity, ¢
Sample strength /MPa E /MPa Compressive Strain /%
FD 700 pm Dry 1.0 =+ 0.1 7.1+0.9 0.1 +0.02 87.5+0.8
FD 700 pm Wet| 0.1+0.02 0.7 0.1 0.2 =0.03 87.5+0.8
CPD 200 pm | Wet| 1.3 +0.04 0.5 = 0.04 71.9 £ 0.1
Foamed
40G CF1000 |Dry | 0.06 =0.1 1.3+ 0.1 0.05 +/- 0.00 50
(Mahony, 2010)
22-37 (Kerin et y 0.24-0.85
al., 1998, Repo 0.5 - 1.0 (Jurvelin (pnconsFralned at
Hyaline cartilage ” D et al., 1997, Allen| sides)(Little et al., 0
and Finlay, I I 1
1977) et al.,2012) 2011, Jurvelin et al.,

The FD 700 pm scaffolds showed a significant change in properties from dry to wet as seen in

Figure 37a. Compressive strength and Young’s modulus reduced by ~90 % and compressive

strain doubled. Compared to hyaline cartilage properties, the wet properties of the scaffolds

were in the same range for the Young’s modulus and compressive stain, however the

compressive strength was two orders of magnitude smaller. This loss of strength was due to

the reduction of silica after one week in TRIS and the swelling of the scaffolds which increased

the water content and reduced the scaffold density.
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Figure 37. Example stress-strain plots of compression testing 3D printed 78G CF500 scaffolds dried via

FD and CPD methods. Solid-lines indicate wet samples (1 week soaking in TRIS), dashed lines indicate

dry samples. Graph a) FD 700 pm scaffolds wet and dry compared to wet CPD 200 pm scaffolds, and

b) FD 700 pm wet sample and the highest strength dry foam (40G CF1000) produced by Mahony et al.
(Mahony, 2010).

The behaviour of the FD 700 pm and CPD 200 pm scaffolds under compressive loading was
very different. The FD scaffold exhibited a brittle elastic response before reaching the ultimate
compressive strength, whereas the CPD scaffolds exhibited a non-linear response as stiffness
increased with increased applied load and had a stress-strain curve similar to hyaline cartilage
(Edelsten et al., 2010, Little et al., 2011). The higher degree of swelling of the CPD scaffolds in
aqueous solution and larger strut width was predicted to be the cause, as the inclusion of
water molecules in the gelatin network would have allowed for densification of the material

during compression. Overall, the compressive strength of the CPD 200 pm scaffolds was over
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10 times greater than that of the FD 700 pm scaffolds due to the increased strut/wall width

and reduced porosity.

The compressive strain is not directly comparable as hyaline cartilage is a viscoelastic tissue
and strain is therefore dependent on the strain rate. For example, when a 0.025 MPa stress is
applied to hyaline cartilage, biomechanical models have shown that the compressive strain is
dependent on time and does not reach the maximum, 0.08 compressive strain until 200-400 s
after application of the stress (Boschetti ez al., 2004). The stress required to achieve 0.08 strain
can be calculated from the Young’s modulus for FD scaffolds, resulting in 0.056 MPa and the
value for CPD scaffolds would be less due to the non-linear response, though from looking at
the stress-strain plots, the value would not be less than 0.025. This is a positive result
particularly for CPD scaffolds, as the scaffolds would deform with the same response as the

native cartilage surrounding the implant.

The stiffness of the attachment sites of the cell, the ECM, is one of the most important
mechanical properties to consider when regenerating cartilage in vitro. When cells attach to
the ECM, in this case the scaffold surface, internal filaments, actin and vimentin, are produced
which maintain cytoskeletal tension. The stiffness of the substrate is detected and can increase
or decrease the efficiency of chondrocyte differentiation or induce dedifferentiation (Allen et
al., 2012). The Young’s modulus of hyaline cartilage is within the range of 0.5-1.0 MPa, and
the wet FD scaffolds fall within this range at 0.7 = 0.1 MPa, an extremely positive result
considering the drastic change in properties from dry to wet. CPD scaffolds behave non-
linearly but when comparing the plots in Figure 37, deformation up to 0.15 strain was very
similar for CPD and FD scaffolds, hence the cellular response induced is likely to be similar.
To assess the stiffness of the CPD scaffolds, shear loading would provide information
regarding the complex modulus, G, however the number of CPD scaffold was limited to

compression testing.

The wet compression testing indicated the compressive strengths of the scaffolds were lower
than that of cartilage tissue, which has a compressive strength ~30 MPa. Wet FD 700 pm
scaffolds had a compressive strength of 0.1 MPa whereas CPD 200 pm scaffold had a
compressive strength of 1.3 MPa. Depending on the defect size, the low compressive strength
may initially limit the patient from normal activity, however as the cartilage tissue regenerated,

the natural ECM would take over the mechanical properties.

In Figure 37b, the wet FD 700 pm scaffold was compared to the highest strength foam when
dry produced by Mahony et al. This foam had a composition of 40G CF1000 and modal pore

interconnect diameter of ~200 pm (Mahony et al., 2010). The foams were not tested wet. The
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compressive strength of the 3D printed scaffold was approximately three times larger than that
of the foam, despite having been soaked in TRIS for one week, having increased gelatin
content, and reduced C-factor. This proved that 3D printing can impart definite improvements
to the mechanical properties of silica-gelatin hybrid scaffolds when compared to foaming. This
was improved by the dense walls within the structure, and the variation in properties between
scaffolds was still low despite the misalignment of struts. The foams would not be able to
perform in situ whereas the 3D printed scaffolds retained their structure and the required

strength over the one week period.

Failure mechanism

From the compression tests, the CPD scaffolds were shown to deform non-linearly up to ~0.5
strain after which unrecoverable failure occurred. For FD scaffolds, Figure 37 allows the
compression profile of the wet and dry scaffolds to be compared due to adjustment in scale.
The mechanism by which the scaffolds withstood the compressive force appears similar.
Reaching the ultimate compressive strength did not result in instant failure, the compressive
stress that the scaffolds are able to withstand was maintained until the end of measurement at
0.5 strain. This suggested a failure mechanism where individual struts were fractured at a time.
To confirm this mechanism, a FD 700 pm scaffold was tested under compression and micro-
CT to capture the failure mechanism of the scaffold. Figure 38 presents the 3D renders
generated from micro-CT imaging. At 0 MPa, the scaffold is yet to be deformed. At 0.81 MPa,
the scaffold was seen to be compressed in the lower section, however no collapse was
observed. As the force increased from 1.02 MPa to 1.12 MPa, the majority of the scaffold in
the field of view kept the original structure, however the lower section showed increasing
levels of damage. This supports the idea that stress was locatised in particular layers which
lead to the failure of the individual layers. This mechanism of failure allowed the compressive

strength to be maintained for high levels of strain.
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Figure 38. 3D reconstructions of a FD700 scaffold under increasing stress: 0 MPa, 0.81 MPa, 1.02 MPa
and 1.12 MPa in the YZ, XY and XZ plane (micro-CT, Diamond Light Source).
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5.3.4 Cell interactions

Cell viability

The 78G CF500 3D printed scaffolds were developed for regeneration cartilage tissue. In terms
of cell work, the initial test was whether the scaffold would release cytotoxic dissolution
products and hence reduce cell viability. Cell viability was a concern due to the potential
release of GPTMS with an unreacted oxirane end group which is known to be cytotoxic. The
viability of MC3T3 osteoblast precursor cells, and ATDCS chondrogenic cells were assessed
using as MTT assay as the scaffold required integration with bone to anchor the scaffold as

well as regenerate hyaline cartilage.

Figure 39 shows the results of the MTT assay for ATDCS chondrogenic cells and MCT3T3
preosteoblast cells after exposure to the dissolution products of the 78G CF500 scaffolds and
positive and negative controls. Metabolically active cells will interact with MTT and produce
purple coloured formazan crystals. An absorbance value of the dissolved crystals less than the
control/standard culture conditions suggest a reduction in the rate of cell proliferation. The
ISO-10993 standard states that a reduction of less than 30% at the tested concentration is
regarded as non-cytotoxic. The results presented here indicate that the 78G CF500 scaffolds
can pass ISO standard of biological device evaluation and be used in potential future in vivo

studies.

0.57
Dilution: Il 100% [ 50%
@ 75% [ 25%
0.4
T L T T
2 i =
2 0.3
[
£
(o]
3
< 0.2
0.11
0.0- - g -
Basal PE PU 78G CF500 78G CF500
a-MEM (MC3T3 cells)  (ATDCS cells)

Figure 39. MTT metabolic activity assay according to the ISO standard 10993-5 and 10993-12.
Dilution % values are vol% concentrations in PBS buffer, for a) for ATDCS5 chondrogenic cells and

MCT3T3 osteoblast cells.
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Cell attachment

MC3T3 and ATDCS cells were seeded on FD 700 pm 3D printed scaffolds to assess the
cellular attachment after 3 days. Figure 40 shows confocal images of the cells on the scaffold.
The staining indicates the presence of cytoskeletal proteins actin (red) and vimentin (green),

and nuclei (blue).

Figure 40a presents the attachment of chondrocytes on the scaffold. The well organised actin
and well defined vimentin markers indicate well attached cells which had spread across the
surface. The result was similar for the preosteoblast cells in Figure 40b, however the actin and
vimentin appear less defined. Comparing the nuclei presence, the chondrocytes appeared to be

higher in number than the preosteoblasts.

The reduced number of preosteoblasts observed on the scaffold surface is predicted to be
because cells can detect a stiffness lower than native bone ECM and have changed behaviour
accordingly (Allen et al., 2012, Geiger et al., 2001). The chondrocytes responded well to the
inherent stiffness, whereas the bone cells showed reduced spreading and potential subsequent
proliferation. As the lower portion of the 3D printed scaffold is required to provide an anchor
in bone, this result suggests a dual composition scaffold is required with increased surface

stiffness to support bone growth.

Figure 40. Confocal images of (b) ATDCS and (c) MCT3TS3 cells on the 3D printed scaffolds stained

for cytoskeletal protein actin (red), vimentin (green) and nuclei (blue). Scale bar is 200 pm.

Cartilaginous matrix formation

A 28 day cell study of ATDCS was conducted to see whether hyaline cartilage, healthy knee

cartilage, would form on the scaffolds. Figure 41 shows the results of staining for positive
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chondrogenic differentiation and hyaline cartilage markers: Sox9, aggrecan, and collagen Type
II, and negative markers: collagen Type I and collagen Type X. The markers were stained
green and the nuclei were stained blue. Three conditions were compared, FD 700 pm scaffold

with 3x10° cells, FD 700 pm scaffold with 10x10°, and CPD 200 pm scaffold with 3x10°

cells.

The positive hyaline cartilage markers are all proteins expected to be present in hyaline
cartilage. Aggrecan and collagen Type II are the main components of hyaline cartilage ECM
(excluding water) and Sox9 is a protein that indicates chondrogenic differentiation. The
negative markers indicate the formation of fibrocartilage (collagen Type I) and calcified
cartilage (collagen Type X). The results in Figure 41 show all the positive markers to be

expressed and all the negative markers to be negligible.

When 3x10° cells were seeded, the FD 700 pm scaffold showed poor cell and ECM
distribution compared to the uniform distribution throughout the pores observed for the CPD
200 pm scaffold. Despite the larger pore width, it was possible to achieve similar results with
the FD 700 pm scaffold when using 10x10° cells. Therefore, both scaffolds were capable of
support tissue regeneration of hyaline cartilage, however in practice, 10x10° cells is
inconveniently large. The cells used in this study are immortalised cartilage mouse cells, an
effective model for the proof of concept experiment here, but they expand considerably faster

than primary cells from patients.

Lower cell numbers required for seeding has various benefits to the patient as in practice the
cells would be autologous and therefore would be harvested from the patient. A patient has
limited number of healthy cells that can be removed and proliferation rates of cartilage cells
are very slow and rates reduce further with age and/or other underlying diseases (Hidaka et al.,
2006). Alternatively, stem cells can be harvested however numbers of bone marrow cells
reduce with age. Regardless of the cell source, >10° cells is a lot for seeding onto the implant,
similar to the numbers needed for ACIL. To obtain this number, first the cells harvested from
the patient must be cultured in vitro which is very costly and labour intensive. Additional
issues arise during cell culture as expansion takes place on a flat surface which tends to induce
dedifferentiation. Overall, it is more convenient and there is higher chance of avoiding

fibrocartilage formation when the number of cells required is small.

The smaller pore width of CPD 200 pm scaffolds therefore allows for faster, cheaper cartilage,
and potentially more effective hyaline cartilage regeneration with one quarter of the cells

required for ACI (Klein et al., 2009).
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Figure 41. Confocal images of ATDCS cells on the 3D printed scaffolds stained for cytoskeletal
proteins: Sox9, collagen Type II, aggrecan, collagen Type I, collagen Type X (all green) and nuclei
{blue). Scale bar is 200 pm.
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5.3.5 Summary
3D printed scaffolds dried using CPD resulted in scaffolds with the desired channel width,

similar mechanical properties to cartilage in compression, volume stability in TRIS, and well
distributed hyaline ECM after 28 days in culture. FD and CPD were shown to induce very
different structures from scaffolds printed in exactly the same way and the scaffolds properties

were compared.

CPD induced considerably more overall shrinkage to the scaffolds than FD, 80 % rather than
42 %. Despite this, variation was low, the porosity remained high, 72 % for CPD, and 88 %
for FD, and the composition of the hybrid material was not affected. Imaging of the internal
structure of the scaffolds showed that the struts collapsed after printing. This caused dense
walls to be formed within the scaffolds irrespective of drying method. This was not the desired
result however the scaffold retained open channels and the walls contributed to the

compressive strength of the scaffolds.

The main difference caused by the drying method was the strut structure. Scaffolds printed
with 1 mm strut separation resulted in <40 pm struts width and 682 pm channels width when
dried by FD (FD 700 pm), or 162 pm struts with 210 pm separation when dried by CPD (CPD
200 pm). Scaffolds printed with 1.5 mm strut separation resulted in <40 pm struts and 1229
pm channels when dried by FD (FD 1200 pm), or 299 pm struts with 319 pm separation when
dried by CPD (CPD 300 pm). The increase is 3D printed strut separation from 1-1.5 mm, a 50
% increase, resulted in approximately 50 % increase of the strut separation using CPD and the
strut width increased as expected. This was not the case for FD as the struts were reduced to
thin walls or needle-like struts and the channel width increased by 81 %. CPD drying was
therefore more compatible with 3D printing as the resultant strut and channel dimensions

could be more reliably controlled.

Slight mesoporosity of the CPD scaffolds was predicted to be the cause of the increased
swelling, 156 %, for CPD scaffolds compared to 112 % for FD scaffolds. Compared to
scaffolds printed by Gao et al. (440 % swelling in 2 h) the swelling was small for both scaffold
types which indicated a high degree of crosslinking.

The dissolution testing and compression testing compared the two scaffolds printed with 1 mm
strut separation: CPD 200 pm and FD 700 pm. The CPD 200 pm was selected as it fit the
desirable channel width for cartilage regeneration: 200-300 pm. The FD 700 pm was selected
to compare the drying methods. The dissolution results were the similar for both scaffolds, but

showed reduced gelatin release and increased silicon release compared to foams produced by
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Mahony et al. (Mahony et al., 2010). The low gelatin release of ~3 % resulted in a stable
scaffold volume. Rapid release of soluble silica from FD and CPD scaffolds was observed. Of
the total inorganic content, 26 % and 25 % silicon was released from FD and CPD scaffolds
respectively. Considering a Si(OH)4 molecule of soluble silica has a mass 3.4x that of silicon,
the loss of silica, and swelling, were predicted to be the cause of the compressive strength
reduction when tested wet compared to dry. Despite this large release of silicon, no HCA was

seen to form on the surface of the scaffolds after one month in SBF.

After one week soaking in TRIS, the compressive strength and Young’s modulus of the FD
scaffolds reduced by 90 %, and the strain doubled. The stiffness of the scaffolds after soaking
was found to be within the range of native hyaline ECM, 0.5-1 MPa. This was an excellent
result and the importance of stiffness was confirmed in the cell attachment study.
Chondrocytes thrived on the surface with native stiffness whereas the osteoblasts showed a less

defined actin and vimentin structure and were lower in number.

The mean compressive strength of the wet scaffolds was 1.3 MPa for CPD 200 pm and 0.1
MPa for FD 700 pm, both of which showed improvement in compressive strength compared
to the highest strength dry foam produced by Mahony et al., but were below the compressive
strength of hyaline cartilage (22-37 MPa). The stronger CPD scaffolds had a non-linear
compressive response with increasing stiffness, whereas the FD scaffolds showed an elastic
stress-strain plot up to the point of fracture at which the maximum stress was maintained due
to fracture of individual layers. The non-linear response of the CPD scaffolds due to larger
strut width and increased water content was closer to the stress-stain response typical of

viscoelastic cartilage tissue than the FD response.

Cell viability tests showed the 78G CF500 silica-gelatin hybrid was biocompatible with both
preosteoblasts and chondrocytes. The last test, the cartilaginous matrix formation, showed
uniformly distributed ECM across the channels of the CPD and FD scaffolds, however the
number of cells required was 3 x10° for the CPD 200 pm scaffolds and 10 x10° for the FD
700 pm, which is comparable to the cell number required for ACI (~12 x10°). Therefore CPD
200 pm scaffolds were determined to be the most suitable scaffold for cartilage tissue

regeneration.
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CHAPTER 6. ELECTROSPINNING SILICA-
GELATIN HYBRIDS




6.1 Introduction

To regenerate cartilage tissue, zonal organisation of cells is required to encourage the
formation of the superficial zone where cells are in high density. The top zone of the scaffolds
should provide a conformable surface to prevent further damage to healthy tissue when

implanted, and provide a template for chondrocytes to produce the superficial zone.

So far, 3D printed silica-gelatin hybrid scaffold with adjustable channel width has been
achieved, resulting in improved mechanical properties and dissolution properties compared to
foams. The material has been shown to support cartilage regeneration, however the superficial
zone and conformable layer is yet to be formed. Electrospinning of the silica-gelatin hybrid

was the technique chosen to generate this cartilage surface regeneration layer.

Electrospinning produces nano to micrometer fibres through the application of a high electric
field between a solution in a needle to a collector. The high surface to volume ratio of
electrospun fibres provides multiple contact points for cells to attach hence mimicking the
three dimensional and nanoscale features of cartilage ECM (Nuernberger et al., 2011, Li et al.,
2006). This has been shown to encourage the spherical morphology of differentiated

chondrocytres and ECM production.

Cotton wool-like scaffolds

This chapter explores the possibility of electrospinning the silica-gelatin hybrid solutions to
create fibres with a cotton wool-like 3D nature. The hypothesis was that the 3D nature of the
fibre structure was important to allow for cells and ECM to infiltrate across the full thickness
of the layer as this is often not the case for 2D fibres (Chen et al., 2008, Ren et al., 2010, Song
et al., 2008b, Gao et al., 2013a, Zhang et al., 2008).

Cotton wool-like structures have previously been electrospun directly from bioactive sol-gel
solutions by using Ca™ or Fe™ charged ions to accelerate portions of the electrospun fibres
and produce the 3D morphology (Poologasundarampillai et al., 2014a, Sun et al., 2012a).
Cotton wool-like fibres were first produced by Poologasundarampillai et al. at Nagoya
Institute of Technology (NITech). Their hypothesis was that the positively charged calcium
ions in the sol caused a whipping of the sol. Since, other methods have been developed at
NITech. Cotton wool-like fibres have been achieved via a fan method (Obata et al., 2013) and
ethanol stirring method (Kasuga et al., 2012). Both techniques rely on fibres avoiding contact

with each other and any surfaces before drying to obtain the 3D nature. The previous work
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into electrospun was developed for bone tissue regeneration, whereas here the focus was on
cartilage. To avoid using highly charged ions, the 3D cotton wool-like structure was hoped to
be achieve by generating long, unfused, fibres using a high humidity environment and highly
crosslinked solutions (De Vrieze et al., 2009, Tripatanasuwan et al., 2007). All research into

electrospinning silica-gelatin hybrids in this thesis was conducted on placement at NITech.

Material variables

Gelatin crosslinked by GPTMS has been electrospun by various research groups for tissue
regeneration purposes due to the biocompatibility and bioactivity of gelatin (Ren ez al., 2010,
Song et al., 2008b, Song et al., 2008a, Tonda-Turo et al., 2013). Silica-gelatin hybrids using
bioactive glass and gelatin functionalised by GPTMS have also been electrospun for bone
tissue regeneration purposes (Gao et al., 2013a). All the methods for electrospinning are
different in terms of solvent and electrospinning parameters, however none of the literature
reports unfused fibres that are stable after one week soaking in PBS. The BG-gelatin hybrid
fibres, 70G CF18S5, produced by Gao et al. displayed degradation after just 12 h in PBS and
although Song et al. made functionalised gelatin CF740 fibres that show little dissolution, the

initial fibre structure was fused.

As high C-factor,functionalised gelatin fibres had been shown to form fused fibre mats, the
aim here was to use 70G hybrid solutions like Gao et al. to produce distinct fibres with high

crosslinking.

Electrospinning variables

The electrospinning variables were defined to generate distinct unfused fibres using the
adapted materials processing method and compositions identified. There were numerous
parameters to consider: flow rate, needle size, temperature, humidity, applied voltage, and
needle-collector separation (Bhardwaj and Kundu, 2010). All variables had to work in unison
to create the unfused fibres, and the aim was to create cotton wool-like fibre structures by

electrospinning in high humidity environments.

Desired properties and requirements

This work was hoped to be distinguished by the production of distinct unfused fibres using
high GPTMS composition, little or no fibre dissolution after one week soaking, and a 3D
cotton wool-like fibre structure. A 3D fibre structure has so far only been obtained from sol

gel glasses, not functionalised gelatin or hybrid materials.

159



To electrospin the silica-gelatin hybrid; a new electrospinning hybrid method was required.
Compatible compositions also needed to be identified and the time frame within which the
hybrid solutions could be electrospun, the ‘electrospinning viscosity range’, had to be

determined.
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6.2 Methods

To electrospin the silica-gelatin hybrid, changes were required to the HF-free hybrid method
and suitable silica-gelatin hybrid compositions and electrospinning parameters had to be
identified. A starting composition with low C-factor was initially investigated then higher C-
factor fibres were electrospun and characterised by imaging, evaluating the degree of

condensation of the fibres, a dissolution study, and cell studies.

As before, hybrids were named depending on their gelatin to silica ratio and C-factor. The
gelatin to silica (from TEOS) ratio, e.g. 70G:30Si0,, shortened further to 70G, was defined as
the mass ratio of gelatin to SiO,, under the assumption that 1 mole of TEOS forms 1 mole of
SiO;. Any silica contributions from GPTMS are ignored in this ratio. The C-Factor, CF, was

defined as the molecular ratio of GPTMS to gelatin when the molecular weight of gelatin is

87.5 kDa (Mahony, 2010).
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6.2.1 Silica-gelatin electrospinning hybrid method

It was known that the choice of solvent had considerable effect on the feasibility of
electrospinning. The HF-free hybrid method established for 3D printing was water based with
low concentrations of gelatin at 0.05 g mL™. To electrospin the hybrid, the method required
adaptation as water was not a suitable solvent for electrospinning gelatin due to its low
volatility (Ki et al., 2005) and electrostatic interactions with the charged side groups of gelatin.
The electrospinning hybrid method was defined to decrease surface tension and increase
volatility of the solvent. The functionalisation stage of the HF-free hybrid method was adapted
to increase gelatin concentration and replace water with ethanol. The revised functionalisation
method was based on methods by Song et al. (Song et al., 2008b) and Fong et al. (Fong et al.,
1999). By combining the principles of these methods, here 0.1 g mL™ gelatin was electrospun
using a 60 wt% water and 40 wt% ethanol co-solvent. The composition was based on work
by Gao et al. (Gao et al., 2013a) which electrospun sol-gel hybrids functionalised by GPTMS
equivalent to 70G CF185.

The electrospinning hybrid method is summarised in Figure 42 for 70G CF185 hybrids. Other
than functionalisation, other reaction stages remained the same as the HF-free hybrid method,
however due to the change in experimental location, room temperature in Japan was defined
as 25°C and solution-aging, when in an oven, was performed at 37°C due to the equipment
available. At this stage, the solution-aging time, electrospinning viscosity range and

electrospinning parameters were yet to be determined.

Electrospinning hybrid method

All reagents were supplied by Sigma Aldrich UK unless otherwise specified. For all hybrids, the
first stage was to dissolve gelatin (Porcine skin, gel strength 300, Type A) at a concentration of
0.1 g mL™ in a co-solvent of 60 vol% water, 40 vol% ethanol. The solution was stirred at 400
rpm in a covered beaker at 40°C for 1 h. The pH of the gelatin solution was adjusted to pH
4.4 by the addition of 1 M HCI to replicate the pH conditions in the HF-free hybrid method
(accounted for in the 60 % aqueous volume). The gelatin solution was functionalised by the
addition of GPTMS, the amount of which was dependent on the C-factor. The time allowed

for functionalisation was 3 h.

The sol was prepared separately. Hydrolysis of TEOS started 2 h after the start of the gelatin
functionalisation, i.e. 1 h before the end of gelatin functionalisation. It was prepared by

combining the components in the following order: deionized water, 1 M HCI and tetraethyl
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orthosilicate (TEOS). The R-ratio was 4 and the volume ratio of water/HCl was 3. The

solution was stirred for 1 h at 400 rpm to allow hydrolysis of TEOS.

Both reactions were complete at the same time. The functionalised gelatin and hydrolysed
TEOS were mixed and returned to the hotplate at 40°C at 400 rpm. The amount of each
solution added was dependent on the gelatin to silica mass ratio of hybrid composition being

made.

As with the HF-free hybrid method, the solution-aging of the hybrids began with mixing on a
hotplate at 40°C at 400 rpm. After 3 h of solution-aging on a hot plate, the hybrid solutions
were transferred to a sealed container and into a 37°C oven where solution-aging was
resumed. The solution-aging time varied depending on the composition. If solution-aging was
not complete by the end of the day, the sealed containers were placed in a -18°C freezer. When
required for further aging, the containers were placed in a 37°C oven where solution-aging

was resumed.

Electrospinning

Once solution-aging was complete, the hybrid reached the ‘electrospinning viscosity range’, the
viscosity range within which the hybrid solution could be electrospun to form distinct, fused
fibres. The required solution-aging time and ‘electrospinning viscosity range’ was determined
for different compositions in this study. After electrospinning, the 3D printed scaffolds were
left to dry over night at room temperature, 25°C. The exact electrospinning parameters used

are discussed in the electrospinning parameters section.
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Figure 42. Electrospinning hybrid method for silica-gelatin hybrids. Solution-aging time, electrospinning

viscosity window and electrospinning parameters were initially unknowns.

164



6.2.2 Electrospinning parameters

All electrospinning was conducted at NITech using the apparatus shown in Figure 43. The pre-
determined variables were: humidity, needle diameter, syringe temperature, and flow rate.
These were values suggested by NITech research staff and adjusted following preliminary
trials. A 22 gauge stainless steel 18-8 hypodermic needle was used and flow rate was
controlled by a syringe pump (FP-W-100, Melquest, Japan) at 0.05 mL min™". The humidity of
the electrospinning environment can strongly effect the electrospun fibre structure
(Tripatanasuwan et al., 2007, De Vrieze et al., 2009), hence all electrospinning was conducted
in a humidity controlled chamber which contained silica beads to absorb moisture and
maintain a high humidity of 55 %. As with 3D printing, it was necessary to raise the
temperature of the hybrid solution above the gelation temperature of gelatin. To achieve this, a
heat jacket was wrapped around the syringe at 50°C to prevent cooling across the metal needle

which caused the solution to gel in the nozzle.

The investigated electrospinning apparatus variables were: needle-collector distance and

applied voltage.

Humudity controlled chambK r

Collector

Heating jacket

Push rod

yyrmue Needle .

Electrical
« contacts

\Syringe pump

Figure 43. Electrospinning apparatus at NITech, Nagoya, Japan.
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6.2.3 CF185 electrospinning study

70G CF185 was expected to be a good starting point for electrospinning as it was the gelatin
to silica ratio and C-factor used by Gao et al. when electrospinning BG-gelatin hybrids to form
smooth nanofibres (Gao et al., 2013a), and close to the composition used for 3D printing. To
electrospin the silica-gelatin hybrid, the solution viscosities compatible with electrospinning
needed to be determined. For 3D printing, the degree of crosslinking was high and the material
was in the form of a gel rather than a viscous solution, so viscosity measurement could not be
taken directly. Compared to 3D printing, the viscosities expected to be compatible with
electrospinning were considerably lower. For electrospinning CF4 functionalised gelatin, Ren
et al. suggested a viscosity less than 65000 cP (equivalent to ketchup) (Ren et al., 2010). For
electrospinning cotton wool-like sol-gel fibres, the solution viscosity was lower, 560 - 950 cP
(equivalent to caster oil)(Poologasundarampillai et al., 2014b), however the viscosity of the

BG-gelatin hybrids electrospun by Gao et al. (Gao et al., 2013a) were not reported.

The viscosity of the solutions was dependent on the crosslinking induced by condensation of
the silica-gelatin hybrid network which developed over time. To monitor how this evolution of

viscosity affected electrospinning, the 70G CF185 electrospinning study aimed to determine:

1- The solution viscosity dependence on time of 70G CF185 solution compared to 100G
CF185 solutions;

2- The viscosity range compatible with electrospinning;

3- The needle-collector distance required for successful electrospinning at each viscosity;

4- The applied voltage required for successful electrospinning at each viscosity.

Successful electrospinning was defined as electrospinning where fibre formation from needle to
collector was continuous and fibres were distinct, i.e. they were not fused together at the

collector.

The viscosity was directly measured over time and the solution was electrospun at increasing
viscosities to determine the electrospinning viscosity range. Analysis of the electrospun fibres
by rheology, FTIR and SEM, provided information regarding the fibre structure and chemical
bonding as viscosities increased. It was also necessary to determine a suitable voltage for
electrospinning at each viscosity tested: 7 kV, 9.5 kV and 12 kV. These values were selected
after initial experiments showed 5 kV to be too low to induce fibre formation and 15 kV to be

too high.
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Hybrid preparation
The 70G CF18S5 hybrid composition was prepared following the electrospinning hybrid
method as presented in Figure 42. The 100G CF185 functionalised gelatin composition was

prepared following the electrospinning hybrid method however the TEOS hydrolysis and
TEOS addition was omitted.

Time point protocol
The time point protocol was designed to determine the electrospinning viscosity range, the
most suitable needle-collector separation, and most suitable applied voltage for each

composition.

During the solution-aging period, 3 mL samples of the 70G and 100G solutions were removed
at ~1 h intervals and placed in a 5 mL syringe. The viscosity of the solutions were measured
using an Anton Paar Modular Compact Rheometer, MCR 102 (NITech). Conditions were:
solvent trap, 40°C, 50 points, 2 second intervals, frequency 20 rad s™'. The mean viscosity was

calculated and standard deviations were negligible.

The 70G CF185 solutions were then electrospun at three voltages: 7 kV, 9.5 kV, and 12 kV.
Electrospinning parameters were: 22 gauge needle, 0.05 mL min™, 55 % relative humidity,

50°C heat jacket.

At each time point, all electrospinning was complete within 20 minutes and voltages were
tested in the same order to minimise the effects of viscosity increase with time. The separation
between needle and collector plate was adjusted for each voltage at each time point in order to
obtain successfully electrospun fibres. The separation distance used: 15 ¢cm, 20 cm, or 25 cm,

was noted. All fibres were dried at 25°C room temperature overnight.

Determining the electrospinning viscosity range

The electrospinning viscosity range was determined after assessing the bonding and structure
of the 70G CF185 fibres produced. Fibres electrospun within the electrospinning viscosity
range were distinct fibres (not fused to form a porous sheet). A quick test to check if fibres
were fused was to see if the fibres could be removed from the aluminium collector plate as

fused fibres adhered to the surface.

The bonding within the fibres electrospun at increasing viscosities were analysed using FTIR
analysis, FT/IR-4100, JASCO with ATR PR0450-S stage (NITech, Japan). FTIR was run in
absorption mode between 600-4000 cm™ at a resolution of 0.9 cm™. Once background

analysis was complete, the sample was placed over the beam and secured in place for testing.
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Between samples, the surface was cleaned with ethanol. All spectra were normalised to the

gelatin amide I band at 1640 cm™.

SEM was used to assess the fibre structure at increasing viscosities. SEM images were obtained
using the JEOL JCM 6000 (Nagoya, Japan), with voltage set to 5 kV and working distance of
20 cm. Samples were coated with amorphous osmium, Neoc Meiwafosis, Japan, Ox coater.

From these SEM images, the fibre diameters were measured using Image] software.
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6.2.4 Electrospinning high C-factor hybrids

The CF185 electrospinning study established the electrospinning viscosity range, applied
voltage, and needle-collector plate separation required for electrospinning silica-gelatin hybrids
based on low C-factor hybrid fibres, 70G CF185. The finalised electrospinning parameters

were brought forward to this study where higher C-factor hybrids were investigated.

The electrospun 70G CF185 BG-gelatin hybrids electrospun by Gao et al. showed fibre fusion
and decrease in fibre width after just 12 h in PBS. To avoid rapid dissolution rates, the C-
factor in this hybrid composition, 70G, was increased to CF250, CF500 and CF750. The
improvements in bonding within the fibres and the types of fibre structures achievable were
assessed. CF500 was selected as it was found to be a C-factor that induced a high degree of
crosslinking without being in excess in the crosslinking study in section 4.2.4, Figure 21.
CF250 was selected as it was between CF500 and the already established composition of 70G
CF185 which produced distinct, unfused fibres. Song et al. showed CF740 to reduce the
dissolution of 100G fibres, though unfused fibres were not attainable (Song et al., 2008b).
CF750 was therefore tested despite the results obtained via the crosslinking study, with the

aim to maximise functionalisation.

Hybrid preparation
The compositions analysed were all 70G hybrids with C-Factors of 250, 500 and 750. The

Electrospinning hybrid method was followed as shown schematically in Figure 42.

Time point protocol

For the new compositions it was important to redefine the electrospinning viscosity range. The
process of measuring the viscosity and electrospinning the solutions at intervals was repeated

for the 70G: CF250, CF500, and CF750 hybrids.

During the solution-aging period, 3 mL samples were removed at ~1 h intervals and placed in
a 5 mL syringe. The viscosity of the solution was measured and the solutions were electrospun
for up to 30 minutes. The process was repeated until solutions were too viscous for

electrospinning.

To measure the viscosity of the hybrid solutions, an Anton Paar Modular Compact
Rheometer, MCR 102 (NITech) was used. Conditions were: solvent trap, 40°C, 50 points, 2 s
intervals, frequency 20 rad s”. The mean viscosity was calculated and standard deviations

were negligible.
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To electrospin, the parameters used were: a 22 gauge stainless steel 18-8 hypodermic needle,
0.05 mL min™ flow rate (FP-W-100, Melquest, Japan), 55 % humidity, 50°C syringe heating
jacket. As determined by the preliminary study, 9.5 kV and 20 ¢m needle-collector separation
were used and viscosities of 37-60 cP were known to produce distinct 2D fibre mats using the

70G CF185 composition.

SEM and FTIR were used to analyse the fibre formation and chemistry at increasing viscosities

as described in the CF18S$ electrospinning study.

Determining the 2D and 3D electrospinning viscosity range
As well as producing distinct, unfused, high C-factor fibres, a secondary aim was to produce
cotton wool-like fibres by electrospinning in a high humidity environment. It was predicted

that long stable fibres would form when the effects of humidity and viscosity reached a critical

point (De Vrieze et al., 2009).

For each composition, the viscosity range where the hybrid solutions formed 2D mats and 3D
cotton wool-like fibres were determined after viewing the fibres in SEM to assess the fibre

structure.

Calculating methanol release

The volume of methanol released was calculated using the amount of GPTMS added, the M; of
GPTMS (236.3 Da), the M, of Methanol (32.04 Da), the ratio of GPTMS to methanol
molecules released (3) and the density of methanol (0.792 g mL™).
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6.2.5 Evaluation of high C-factor hybrid composition

Thermal analysis was used to compare the composition of electrospun cotton wool-like hybrid
fibres of composition 70G: CF250, CF500, CF750, to hybrids with the same composition but
produced using the HF-free 3D printing method, and functionalised gelatin samples. The mass

percent of organic and inorganic components of the samples were compared.

Hybrids of composition 70G: CF250, CF500, CF750 and 78G CF500 were made using the
HF-free hybrid method following the monolith route as described in section 4.2.3: Silica-
gelatin HF-free hybrid method. The functionalised gelatin samples of composition: 100G
CF250, 100G CF500, and 100G CF750 were made following the same method however the
TEOS part of the method was omitted. Both the hybrids and functionalised gelatin solutions
were solution-aged on the hotplate until gelled, then were transferred into sealed containers for

further aging and freeze drying as described in the HF-free hybrid method.

Electrospun fibres of composition 70G: CF250, CF500, CF750 were produced according to
section 6.2.1: Electrospinning hybrid method. To electrospin, the parameters used were: a 22
gauge stainless steel 18-8 hypodermic needle, 0.05 mL min™ flow rate (FP-W-100, Melquest,
Japan), 55 % humidity, 50°C syringe heating jacket, 9.5 kV, and 20 c¢m needle-collector
separation. The hybrids were electrospun within the cotton wool-like viscosity range: 60-80 cP

for CF250 and CF500, 60-100 cP for CF750.

From the TGA results obtained from the functionalised gelatin plots, the number of moles of
GPTMS was estimated from the resultant inorganic (GPTMS inorganic M, = 76 Da). This was
used to estimate the mass of the organic portion of GPTMS (M, = 115 Da) and the remaining
organic mass loss was attributed to gelatin (M, = 87.5 kDa), so the C-factor could be
calculated. From the TGA results of the HF-free 3D printing samples, the total mass
percentage of organic was calculated. This information along with the C-factor was used to
calculate the mass contributions from gelatin, organic GPTMS, inorganic GPTMS, and TEOS.
The gelatin to silica ratio (TEOS contributions only) was then calculated. The results were
then compared to the mass percentage of organic content of the electrospun fibres to assess

where the changes in organic content may have originated.

To analyse the 70G: CF250, CF500, CF750 hybrids produced using the electrospinning and
HF-free 3D printing method, and the functionalised gelatin samples, TGA and DSC was
performed using a Netzsch STA 449C under the following conditions: 21°C to 800°C, ramp

rate of 10 K min™', air flow rate 50 mL min™, platinum crucible, n = 3.
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6.2.6 Silica network condensation of fibres

The cotton wool-like 70G hybrid fibres with CF250, CF500 and CF750 were analysed using
>’Si MAS NMR to observe the changes in the silica network that resulted from increasing the

C-factor.

2’Si MAS NMR was performed at NITech using a JNM-ECA600 with 600 MHz spectrometer.

Parameters were: 20 s, cumulated number: 2048, analysis time: ~ 12.5 h.

From the *’Si MAS NMR spectra, the relative peak areas were resolved by deconvolution using
OriginPro software and the network condensation was calculated using Equation 12: where

Q" is the abundance of Q" species and T" is the abundance of T" species.
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6.2.7 Dissolution

The soluble silica and gelatin release were monitored in a dissolution study comparing the 3D
cotton wool silica-gelatin hybrid fibres with increasing C-factor. The 70G hybrid fibres with
CF250, CF500, and CF750 were compared over a one week period. The one week period was
selected as it was a common dissolution timeframe in the literature due to rapid dissolution of

electrospun fibres (Gao et al., 2013a, Song et al., 2008b, Tonda-Turo et al., 2013).

In the study, 15 mg of cotton wool-like fibres were immersed in 10 mL of TRIS (n = 3), and
stored in an incubator shaker at 37°C for 1 week. Time points were performed after: 0, 1, 2, 4,
8,24, 48,72, and 168 h of immersion. At the given time points, the pH was measured and 0.7
mL of solution was removed and centrifuged. From this centrifuged solution, samples for ICP
and BCA assay (n = 3) were taken. Samples for ICP and BCA were not taken directly from the
sample to avoid fibres entering ICP or BCA samples. The removed 0.7 mL solution was

replenished with fresh TRIS solution.

For ICP, 0.5 mL of solution was removed and added to 9.5 mL of 1M HNO3;. The solutions
were filtered using a Minisat 0.2 pm syringe filter (Satorius stedim biotech, Germany) to
remove gelatin from the solutions as polymers are not compatible with ICP analysis. The
concentration of silicon was measured at the end of the study using ICP-Atomic emission
spectroscopy (ICP-AES, ICPS-7510, Shimadzu, Japan). Silicon standards were prepared: 0, 2,
5,20, 40 pg mL", to produce a calibration curve which was measured at the beginning of the
sequence of the dissolution samples. To determine the silicon release during dissolution, ICP

results were multiplied by 20 to account for the nitric acid dilution.

For the BCA assay (Pierce BCA Protein Assay kit), 25 pl (n = 3) of the solution was placed into
96-well plates for each sample at each time point. 200 pl of working reagent (bicinchoninic
acid) was added to each well and shaken for 30 s. The microplate was then incubated for 4 h
before reading the absorption values at 562 nm using a microplate reader (SpectraMax MS5).
BCA standards: 0, 2.5, 5, 26, 62.5, 125, 250 pg mL™", were produced using 1 mg mL" gelatin
solution and measured alongside each time point to produce a calibration curve. Additional
time points for BCA assay analysis at 96 h and 120 h were required due to experimental errors

at the 72 h time point.

After the dissolution study the mass of the fibres was measured to calculate mass loss, and
FTIR spectra and SEM images were obtained to compare the chemical bonding and fibre

structure before and after dissolution. The SEM and FTIR methods were the same as
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previously described, however, to observe the fibres after dissolution they were first dried at

room temperature.
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6.2.8 Cell attachment and viability

Cell work was performed by Dr Siwei Li on silica-gelatin electrospun cotton wool-likescaffolds
with composition 7G CF500 and 70G CF750. All cell culture reagents were obtained from
Invitrogen and Sigma-Aldrich UK unless specified otherwise. ATDCS murine chondrogenic cell
line (ATCC, UK) was culture expanded in basal DMEM supplemented with 5 % (v/v) FCS
(foetal calf serum), 100 unit mL" penicillin, 100 pg mL" streptomycin and 1x ITS liquid
supplement (10 pg mL" insulin, 5.5 pg mL" transferrin and 5 ng mL" selenite premix).
Cultures were maintained in humidified atmosphere at 37°C, 5 % CO; and 21 % O,. Upon
confluence, cells were passaged using 500 pg mL™" trypsin-EDTA (ethylene diamine tetra-acetic

acid).

Firstly, cell viability was visualised using a LIVE/DEAD® Viability/Cytotoxicity Kit
(ThermoFisher, UK) following manufacturer’s instructions. A 3-day cell attachment study was

performed using ATDCS cell lines, on the electrospun fibres.

To prepare the samples, the 70G CF500 and 70G CF750 electrospun fibres were divided into
2 mg aliquots and sterilised with 70 % ethanol. Following washing with a copious amount of
PBS, each sample was transferred to a sterile 15 mL centrifuge tube and preconditioned for 30
minutes in serum-free media in humidified atmosphere at 37°C, 5 % CO; and 21 % O,. Each
sample was centrifuged at 400x g in order to create a compact fibre network prior to cell

seeding.

Cells were harvested and suspended in basal media. In the fibre attachment study, less cells
were used than in the 3D printed scaffold study as the fibre scaffold were more compact. 5§ mL
of cell suspension containing 5x10° were added to each centrifuge tube containing the fibres
and incubated in a humidified atmosphere at 37°C, 5 % CO; and 21 % O, for 2 h, with
gentle agitation every 30 minutes to allow for diffusion and well distributed cell adhesion.
Cell-seeded scaffolds were collected on day 3 and analysed by viewing under SEM. Samples
were coated in 2 nm gold and viewed under a JEOL JSM 6010 SEM in normal scanning mode,

accelerating voltage 20 kV, 15 cm working distance, spot size 50, and x2000 magnification.

175



6.3 Results and Discussion

To begin, 70G CF185 fibres were electrospun to establish the electrospinning method for
silica-gelatin hybrids. The C-factor was then increased to CF250, CF500 and CF750 and the
dependence of viscosity with time was monitored and the viscosity range for 2D and 3D
cotton wool-like fibres was determined. The mechanism for cotton wool-like formation was
discussed, the composition investigated. The condensation of the network was evaluated and

suitability for hosting chondrocytes was then evaluated in vitro.
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6.3.1 CFI185 electrospinning study

In this preliminary study, the fibre formation dependency on viscosity, and the viscosity
dependence on time was investigated for 70G CF185 hybrids. The C-factor value of 185 was
used as a starting point to electrospin silica-gelatin-GPTMS hybrids based on papers by Song
et al. (Song et al., 2008b), Fong et al. (Fong et al., 1999) and Gao et al. (Gao et al., 2013a) in

order to establish the electrospinning process. SEM images and FTIR were used to characterise

the fibres formed.

Electrospinning 70F CF185

The viscosity evolution over time of the 70G CF185 and 100G CF183 solutions are plotted in
Figure 44. Over a solution-aging period of 8 h, the viscosity of the 70G CF185 solution
increased from 34 cP to 190 cP, whereas the 100G CF185 solution remained at ~33 cP. The
stable viscosity of functionalised gelatin arose from the lack of condensation reactions between
silanol groups when in solution (Tonda-Turo et al., 2013). When TEOS was added to the
solution, the viscosity increase was caused by the sol-gel network forming bridging crosslinks

between functionalised gelatin molecules.
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Figure 44. Viscosity measurements over time of 70G CF185 solutions and 100G CF185 solutions.

The 70G CF185 solutions were electrospun regularly during the solution-aging process to
assess the fibre formation at increasing viscosities. As the viscosity of the 70G CF185 solution
increased from 37 mPa to 79 mPa, fibres were produced using applied voltages of 7 kV, 9.5
kV and 12 kV between the needle and collector. Fibres produced at 7 kV and 9.5 kV had a

similar structure and fibre diameter at all viscosities tested. Representative images are shown in

Figure 45.
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Figure 45. SEM images of electrospun 70G CF185 silica-gelatin hybrid. Images a) to g) represent fibres
electrospun at 7 kV and 9.5 kV. The images represent fibres formed with the following viscosities: a)

and b) 37 ¢P, ¢) and d) 46 cP, ¢) and f) 60 cP and g) 79 cP.

An applied voltage of 12 kV was also tested and the resultant fibres were similar for all
viscosities where electrospinning of the 70G CF185 hybrid was possible, i.e. from 37-60 cP.

Representative images of the fibres obtained at 12 kV are shown in Figure 46. The increased
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applied voltage caused detrimental effects of fusion and increased fibre thickness. The higher
voltage increased the speed of the fibre jets and prevented total evaporation of the solvent

before reaching the collector plate.

The higher applied voltage of 12 kV had no effect on the already poor structure of the hybrid
solutions with a viscosity of 79 cP, Figure 45g. This indicated that the viscosity had a much

more important role in fibre formation than the voltage applied.

Figure 46. SEM images of CF185 fibres spun at 12 kV representative of 40 cP-60 cP solutions.

In Table 11, the fibre diameters of the electrospun fibres as shown in Figure 45 are presented.
Fibres electrospun with an applied voltage of 9.5 kV and viscosity of 37-46 cP had similar
fibre formation with mean diameters between 0.75 pm and 0.79 pm and standard deviations
of + 0.1 pm. When electrospinning 60 cP solutions, the standard deviation of the fibre
diameters approximately doubled, to + 0.21 pm, and some beading was observed. The next set
of fibres electrospun with a viscosity of 79 cP, produced a range of fibre diameters; 8.5 pm =
6.4 pm were clearly distinguishable to the eye and formed cobweb like structures.
Electrospinning at this viscosity was problematic as gelling frequently occurred in the nozzle

and fibres were released in bursts.

Table 11. Mean fibre diameters and standard deviations in pm of 70G CF185 fibres electrospun at

increasing viscosities and voltages.

Viscosity /cP Applied voltage /kV | Fibre diameters /pm
37 9.5 0.75 = 0.12
46 9.5 0.79 + 0.10
60 9.5 0.81 = 0.21
79 9.5 8.5+x6.4
40 - 60 12 1.5+0.5
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The fibres electrospun within the viscosity range 37-46 cP, at an applied voltage of 12 kV, had
approximately double the mean fibre diameter obtained using 9.5 kV. The mean diameter and

standard deviation were 1.51 pm = 0.53 pm.

The optimal applied voltage for electrospinning 70G CF185 was therefore 9.5 kV and the
ideal viscosity range was found to be 37-46 cP for this 70G CF185 composition. The fibres
produced had a diameter of ~0.8 pm, which is larger than the CF185 functionalised gelatin
fibres obtained by Song et al., 0.1-0.6 pm, and 70G CF185 hybrid fibres produced by Gao et
al., 192 =+ 8 nm (Gao et al., 2013a). The larger fibre diameter reduced the surface area and
therefore had the potential to reduce the dissolution rate whilst still providing small contacts

for cells.

Compared to the viscosities of functionalised gelatin solutions electrospun by Ren et al.,
~65000 cP (Ren et al., 2010), the hybrid electrospinning values, <50 cP, were very small.
Values were closer to the viscosities required by Poologasundarampillai et al. to electrospin

sol-gels into cotton wool-like fibres, 560 - 950 cP, (Poologasundarampillai ez al., 2014a).

During electrospinning, the separation between needle and plate was adjusted to achieve
continuous flow of fibres. The optimum distance for CF185 fibres using viscosity values
between 37-60 cP, with 7-9.5 kV applied voltage, was 20 ¢cm. To achieve (semi)continuous
flow at 79 cP and to electrospin at 12 kV, the distance had to be increased to 30 cm. At
smaller separations than those noted, continuous fibre formation was not possible due to
erratic bursts of fibres leading to voltage drops. At higher separations, fibres did not reach the
collector. A needle-collector distance of 20 cm and applied voltage of 9.5 kV were chosen as

the electrospinning parameters to create optimal fibres as seen in Figure 47.

Vi s

Figure 47. Optimal 70G CF185 electrospun fibres with 0.79 £ 0.10 pm fibre width, electrospun using:
22 gauge stainless steel needle, 0.05 mL min™ flow rate, 55 % relative humidity, 50°C heat jacket ,

applied voltage 9.5 kV, and needle-collector distance 20 ¢m, 37-60 cP viscosity.
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Chemical bonding of fibres

FTIR was used to analyse the bonding present in the fibres. In the functionalisation study
conducted for 3D printing (section 4.2.2: Functionalisation study), functionalisation times of 3
h and 14 h did not have substantial impact on the GPTMS incorporation, so it was assumed
the amount of GPTMS attached to gelatin molecules was constant over the § h period of 70G

CF18S5 solution-aging, which followed 3 h of functionalisation.

Figure 48 presents FTIR spectra of the 70G CF185 fibres electrospun with increasing solution
viscosities, 37-110 cP, as a result of increasing solution-aging time,1-5 h. Bands at 1200 cm™
(Si-C band), and 910 cm™ (oxirane and GPTMS Si-OH) were attributed to GPTMS as
determined in section 4.3.1, Figure 18. The bands at 1040 cm™ and 790 cm™ were assigned to
the Si-O-Si asymmetric and symmetric bands respectively. Bands at 1640 cm™ (Amide I), 1540
cm” (Amide II), 1450 cm™ (Amide III) were all attributed to gelatin. The band at 958 cm™ was
assigned to asymmetric stretching of Si-OH from hydrolysed TEOS which was not fully

condensed (Gao et al., 2013a). The spectra were normalized to Amide I.

asymmetric  QOxirane +

il Si-O-Si\L Si-OH
Amidel SiiC Si-OH symmetric
Amide ll Si-0-Si
& \L Amide Il \l/
110 mPa.s
8 -
o
(1]
=
o
U’) -
g 60 mPa.s
=1 46 mPa.s
37 mPa.s
T T T T T T T T T T T T T 1
2000 1800 1600 1400 1200 1000 800 600

Wave number / cm’”
Figure 48. FTIR of 70G CF185 electrospun samples spun with increasing viscosity values due to
increased solution-aging between 1 - 5 h.

The Si-C band of GTPMS did not vary in intensity compared to the gelatin amide bands as
viscosity increased, indicating the amount of GPTMS attached was stable over the 5 h

solution-aging period as assumed.
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As the viscosity of the solutions increased, FTIR spectra in Figure 48 showed a decrease in the
asymmetric Si-O-Si band relative to the amide bands. The symmetric Si-O-Si band increased
only slightly relative to the amide bands. The Si-OH (from TEOS) band, and oxirane + Si-OH
(GPTMS) band also increased relative to the amide bands. The changes in band intensity
suggested the Si-O-Si content reduced while Si-OH contributions increased in the electrospun

fibres as the viscosity of the solutions electrospun increased.
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6.3.2 Electrospinning high C-factor hybrids

For the application of cartilage tissue regeneration, a low dissolution rate of fibres is very
important as scaffolds must provide a stable environment for cells to attach, proliferate and
generate ECM. The 100G CF740 functionalised gelatin fibres electrospun by Song ez al. (Song
et al., 2008b) suggested there was opportunity to improve dissolution rates through increasing
C-factor. However, the fibres obtained had a poor structure, so the electrospinning process

and material composition had to be adapted to produce distinct, unfused fibres.

In this experiment: 70G CF250, 70G CF500, and 70G CF750, where synthesised and
electrospun at regular intervals whilst the viscosity of the solution was investigated with time.

The aim was to produce distinct fibres and reduce dissolution.

Viscosity dependency on time

Figure 49 shows how the viscosity of the three hybrids increased with solution-aging time. The
points correspond to multiple batches of solution tested over a month long period. The
viscosity developed in two stages. The first stage was a slow steady increase marked on the
plot and the second stage was a sharp increase in the viscosity-time gradient. The gradient of
the first and second stage appears similar regardless of the C-factor, however the onset time of
the second stage increased with C-factor. As GPTMS is a crosslinking agent, it was expected
that higher C-factors would induce a faster viscosity increase, however Figure 49 showed the

opposite.

The gelatin content for each composition was 70G and hydrolysed TEOS was present in the
solutions from O h on the graph. The only difference in the solutions was the amount of
GPTMS added to the system. The delayed onset of the inflection point in the graph was
therefore related to GPTMS content. Identifying why the C-factor affected the inflection point

and what was causing the inflection point was required.
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Figure 49. Viscosity measurements of all 70G hybrids: CF250, CF500, CF750 with increasing solution-

aging time.

The viscosity of the hybrids increased due to crosslinks formed by bridging of functionalised
GPTMS by the sol-gel network. When no TEOS was introduced, no viscosity increase was
observed, as seen in Figure 44. Here, the initial slow steady increase with time was attributed
to the network crosslinking due to sol-gel network condensation. The inflection point was
consistent with phase separation of a crosslinked network in a solvent. Polymers crosslinked in
the presence of a diluent eventually phase separate to form a gel phase and liquid phase due to
the crosslinks limiting the maximum degree of swelling of the network. A critical crosslinking
density is reached when the swollen network can no longer absorb the diluent (Dusek, 1971).
During the solution-aging period of the silica-gelatin hybrid, the inflection point indicated
when the system reached this critical point and began to separate into two phases. Similar
viscosity behaviour was shown by Norton et al. at a critical amount of PVA addition to gellan
gum. The viscosity of the solution became dependent on a second, higher linear gradient. This
was due to the gellan polymer being forced into becoming a filler phase due to the PVA
occupying the majority of the space (Norton et al., 2014). In the electrospinning method,
phase separation may be enhanced by the use of ethanol, a non-polar solvent, which reduces

the gelatin solubility.

The time to reach the inflection point increased with C-factor due to the increased amount of
methanol solvent present due to GPTMS hydrolysis. During functionalisation, the GPTMS
oxirane end reacted with gelatin through nucleophilic attack from carboxylic groups of the

polymer. At the other end of the GPTMS molecule, hydrolysis released three methanol
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molecules per GPTMS molecule. Therefore, at higher C-factors, the amount of solvent in the
hybrid solution increased due to increased methanol release. At CF750, the amount of GPTMS
added to gelatin was substantial (11.42 g) which was added to 56 mL of gelatin solution and
released 5.87 mL of methanol, whereas CF250 fibres released one third the amount of

methanol.

The CF750 inflection point was delayed compared to the CF250 and CF500 hybrids. The
prediction for this was that excess GPTMS in the hybrid system was further increasing the
amount of solvent in the hybrid solution as hybrids were held in closed containers during
solution aging. Whether GPTMS was in excess or not was confirmed in the composition

evaluation of electrospun fibres (section 6.3.4).

Comparison with 3D printing solutions

The composition compatibility study conducted for the 3D printing method shows various
similarities in how the gelation of the solutions developed. The study in section 4.3.5:
Composition compatibility study, compared the solution-aging times and printing windows for
hybrids with increased gelatin content. The C-factor was maintained at CF500, however with
increased gelatin content came increased solvent as the amount of GPTMS increased with the
gelatin content. As the 3D printed solutions were contained within a covered beaker and later
a syringe, there was no opportunity for the additional solvent to escape despite the low
volatility of methanol. The increased gelation rate may therefore have been affected by the

solvent increase as well as the reduction in TEOS.

70G CF500 was examined in both the composition compatibility study for 3D printing and
here for electrospinning. The ‘printing window’ began after 5 h of solution-aging, and the
inflection point occurred here at 5 h also. This indicated that ethanol lowered the viscosity of
solutions, as after 5 h the hybrid was a solution when using the electrospinning method, but a

gel when using the 3D printing method.

High C-factor fibre structures
Electrospinning of the 70G hybrid solutions with C-factors of 250, 500, and 750 produced

distinct fibres with various structures. Figure 50 presents SEM images of typical electrospun
fibre structures produced at increasing viscosity. Table 12 presents the fibre diameters of these

structures.

Fibres formed at low viscosities, less than 50 cP, are shown in Figure 50a, d, g and are

representative of the 2D structures formed by each hybrid. CF250 hybrid solutions formed
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distinct fibres as previously seen when electrospinning CF185, whereas CF500 and CF750
fibres fused together and were not improved by adjusting the viscosity. The fusion occurred
due to low solvent evaporation rates at 55 % humidity (De Vrieze et al., 2009). Fusion of
electrospun CF500 and CF750 fibres but not lower C-factor fibres was due to the increased
solvent volumes at higher C-factors. The 2D fibres structures were similar to what was
achieved by Song et al. (Song et al., 2008b), distinct fibres at low C-factors 100G CF185 and
100G CF370, and fused fibres at 100G CF740.

The 2D structures were formed at increasing viscosities until the solutions reached the 3D
cotton wool-like viscosity range: 60-80 cP for CF250 and CF500, 60-100 cP for CF750. The
cotton wool-like fibres are shown in Figure 50b, e, h. The mean fibre diameter increased as C-

factor of the hybrids increased, to: 1.35 pm, 1.51 pm, 1.60 pm, for CF250, CF500 and CF750

respectively, while the standard deviation was similar, ~0.5 pm (Table 12).

3D fusion fibres are fibres with a cotton wool-like structure but with some fusion between
fibres. Fusion of CF500 and CF750 cotton wool-like fibres was observed towards the higher
end of the 3D cotton wool-like viscosity range, as seen in Figure 50f, i. The resulting 3D fused
material appeared like cotton wool but the mean fibre diameters were ~0.5 pm larger when

viewed under SEM. Although the SEM images of CF250 do not show 3D fused fibres, the

fusion structure is expected, though unfortunately not imaged here.

As the viscosity increased further above cotton wool-like range, the amount of fibre fusion and
fibre width increased, eventually resulting in gelation within the nozzle and erratic bursts of

cobweb-like fibres as seen for the 70G CF185 composition, Figure 45g.
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Figure 50. SEM images of electrospun 70G hybrid fibres with increasing C-Factor and viscosity. A), B),
C) CF250, D), E), F) CF500 and G), H), I) CF750. With increasing viscosity the structures achievable
changes: A), D) and G) show fibre mats electrospun from viscosities of 44, 45 and 49 cP respectively,

B), E) and H) show cotton wool-like structures electrospun from viscosities of 72, 66 and 64 cP
respectively and C) F) and I) show fibre fusion electrospun from viscosities of 81, 76 and 65 cP

respectively. Scale bar is 10 pm.

Table 12. Fibre diameters of 2D mats, 3D cotton wool-like fibres and 3D fused fibres as shown in

Figure 50.
Mean fibre diameters + standard deviation /pm
Type of fibre
CF 250 CF 500 CF 750
2D fibres 0.88 £ 0.18 - -
3D cotton wool-like 1.35 £+ 0.51 1.51 = 0.54 1.60 = 0.50
3D fusion - 2.21 +0.56 2.09 = 0.76
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6.3.3 Cotton wool-like silica-gelatin hybrid structures

Figure 51 shows the difference in 2D and 3D cotton wool-like fibres as seen in bulk. The 2D
fibres were flat sheets whereas the cotton wool-like structures were thicker, voluminous and
although still sheets, they no longer laid flat and had a voluminous nature. Within the 3D
cotton wool-like electrospinning viscosity range, sections of the electrospun sample formed this

conformable cotton wool-like material.

Figure 51. Photographs of 70G fibre structures formed with C-factors of a) 250, b) 500 and ¢) 750. The
fibre sheets at the top represent 2D fibres formed at low viscosities. The bottom images show 3D cotton

wool-like fibre structures laid out flat (middle) and balled up like cotton wool (bottom).

Cotton wool-like fibre structures from sol-gel solutions was previously attributed to
accelerating Ca** in the sol (Poologasundarampillai et al., 2014a), however no Ca* was
present here. The formation of the 3D structure was attributed to the high humidity which
allowed a slow solvent evaporation rate and highly elongated fibres to form. How these fibres
attached to the collector and dried was vital to the formation of the 3D structure. The
collector was a shoe box with aluminium foil lining the inside of the box, and ejected fibres
were attracted to the collector edges. As demonstrated in the schematic in Figure 52, for a 3D
structure to form, when the tip of the fibre jet was attached to the top edge, the remaining
length was suspended between the top edge, the back surface and the base edge. Fibres that
were attracted to the side edges were suspended between the side edge contact point and the
base of the electrospinning chamber. The length of the fibre jet therefore needed to very long

(due to humidity), strong (due to crosslinking/viscosity), and stable (a balance between the
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two), to support the 3D fibre arrangement. Below the 3D viscosity range, the solutions were

not crosslinked enough to sustain the formation of such long, stable fibres.

Figure 52. Cross-section schematic of electrospun fibres attached to collector.

Whilst the fibres were in suspension, it was essential that fibres did not touch each other or lie
flat against the aluminium surface as they dried. Even within the 3D viscosity range, 2D fibre
structures formed across the collector surface as the fibres lay flat across the back surface.
Fibres that came into contact when suspended formed the 3D fusion structure. The prevalence
of the 3D fusion structure at higher viscosities is likely due to the increased fibre diameters and

therefore increased weight reducing the stability of the suspended fibre arrangement.

Relationship with viscosity-time graph

The 3D cotton wool-like viscosity ranges for all three compositions were in the second stage of
the viscosity-time relationship, after the inflection point, where it is predicted that phase
separation occurred. With 70G CF185 hybrids, electrospinning in this stage resulted in fused,
erratic, non-uniform fibre formation. For the higher C-factor hybrids examined in this
experiment, the change in gradient indicated the start of cotton wool-like fibre formation. As
CF185 solutions did not form the cotton wool morphology, it was assumed a cut-off C-factor
value existed between 250 and 185 where cotton wool-like formation was no longer possible

due to low crosslinking of the hybrid resulting in less stable fibres.

Chemical bonding of fibres

The FTIR spectra presented in Figure 53 compares cotton wool-like fibres (60-80 cPa) to 2D
sheets (40-60 cPa) made with 70G hybrids with C-factors: 250, 500, and 750. Comparing the

spectra, all compositions and viscosities that produced distinct fibres during electrospinning
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had similar relative band intensities to the amine I band: 2D CF250, 3D CF250, 3D CF500
and 3D CF750.

CF250 fibres produced spectra with no changes in the relative band intensities between 2D
and 3D cotton wool-like fibres. The band ratios of the 2D and 3D CF250 spectra were
comparable to the 3D cotton wool-like fibres formed by CF500 and CF750 (with the
exception of a band at 950 cm'in CF250). This corresponded to the ability of CF250
solutions to form distinct 2D fibres at low viscosities rather than fused 2D fibre sheets as were

seen for CF500 and CF750.

The band at 950 cm™ was observed in both CF185 and CF250 hybrid fibre spectra and is
associated with Si-OH (Gao e al., 2013a). The 950 cm™' band was not present in the
hydrolysed GPTMS spectra, Figure 18, therefore the 950 cm™ band was assigned to Si-OH
from unreacted hydrolysed TEOS. The CF185 and CF250 hybrid solutions had less
crosslinking potential and shorter solution-aging times before electrospinning took place
compared to the CF500 and CF750 hybrid fibres. Both factors would have lowered the

resultant connectivity of the silica network and increased the Si-OH contribution.

The compositions and viscosity combinations that did not produce distinct fibres were 2D
CF500 and 2D CF750. The spectra for these fibres showed an increase in the relative intensity
of the asymmetric Si-O-Si band compared to the distinct 3D cotton wool-like fibres with the
same composition. This suggested that CF500 and CF750 fibres at low viscosities had a larger
Si-O-Si conent, as was seen for the 70G CF18S$ fibres. The increased levels of silica may have
been incorporated into the fibre jet as uncondensed molecules and condensed during drying.
At higher viscosities, phase separation would have begun to remove unreacted species to the

solvent phase and hence reduce the TEOS incorporation in the fibres.

Both resultant spectra of the CF500 and CF750 hybrid fibres were similar though there was a
very slight increase in asymmetrical Si-O-Si for CF750 fibres. This implied that the amount of
silica incorporated in the hybrid fibres had only marginally increased despite the 50 % increase
in C-factor. This correlated to the findings of the crosslinking index study (section 4.3.3)
which suggested a plateau in the crosslinking was reached between CF500 and CF750 (though
results are based on 78G compositions using the HF-free method, not 70G). This supports the
viscosity findings that some of the additional GPTMS in 70G CF750 compositions may have

acted to increase the solvent volume.

190



Oxirane +
asymmetric Si-OH

Sl_o_j/' symmetric

Si-O-Si

l

Amide |
Amide Il SiC

\L Alnide I J/

3D-64 mPa.s

2D -49 mPa.s

3D-66 mPa.s

2D -45 mPa.s

Absorbance

Si-OH

3D-72mPas CF250
2D-44 mPa.s

¥ 1 L I X 1 . 1 L | J I
2000 1800 1600 1400 1200 1000 800
Wave number / cm’™

)
600

Figure 53. FTIR spectra of 70G hybrid fibres with increasing C-Factor produced by electrospinning. 3D
cotton wool-like fibres (60-80 cPa) are compared to 2D sheets (40-60 cPa).
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6.3.4 Evaluation of high C-factor hybrid composition

To break down the hybrid composition, three types of sample with C-factors: 250, 500, and

750, were thermally analysed:

1- Functionalised gelatin (100G) samples produced using the 3D printing method;
2- Hybrid samples produced using the 3D printing method;

3- Cotton wool-like electrospun samples.

Functionalised gelatin samples produced using the HF-free 3D printing method were analysed
to calculate the number of moles of GPTMS and hence the C-factor from the remaining
inorganic mass % which remained after heating the hybrids to 750°C, as seen in Table 13. All
samples were homogeneous. The CF250 and CF500 samples both show C-factors very similar
to the predicted value, however as predicted, CF750 was not attainable. The C-factor was

actually ~CF630, which is still a substantial increase in GPTMS inclusion over CFS00.

Table 13. Moles of GPTMS and gelatin, and C-factor, as calculated from the remaining inorganic after
TGA of functionalised gelatin samples: CF250, CF500, CF750.

Functionalised gelatin | Inorganic (GPTMS) /% GPTMS Gelatin
. . . . 4 | C-factor
composition of functionalised gelatin /moles /moles x10
CF250 14 0.18 7.40 249
CF500 21 0.27 5.48 492
CF750 23 0.30 4.82 628

Thermal analysis of the hybrids produced using the 3D printing method resulted in 66 %
organic for each composition examined: 70G CF250, 70G CF500, and 70G CF750. Samples
were homogeneous. The organic component of GPTMS also accounts for 66 % of total
hydrolysed GPTMS molecule. Knowing the total organic, the C-factor, and the molecular mass
of gelatin, organic GPTMS, and inorganic GPTMS, the contributions of each component were
identified, and the ratio of gelatin to silica (from TEOS contributions only) was calculated.

The estimated values are shown in Table 14.

The values for the 78G CF500 3D printed hybrid were also assessed to check the method with
a different G composition. All estimations resulted in composition values very close, with <3
% difference in G composition to those predicted. This was expected considering the long
aging times used in the 3D printing method eliminating the presence of unreacted small

molecules though condensation and removing solvent by freeze-drying.
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Table 14. Percentage mass contributions of each hybrid component as calculated from the total
percentage of organic of the hybrids produced using the HF-free 3D printing method and the C-factor
for hybrids with composition 70G: CF250, CF500, CF750.

Percentage contributions of each hybrid
Designed 3D printing method component to the total mass Estimated
composition | organic content /% GPTMS Gelatin GPTMS Composition
organic o inorganic | TEOS /%
/%

/% /%
70G CF250 66 16 50 11 23 68G CF249
70G CF500 66 26 40 17 17 70G CF492
70G CF750 66 30 36 20 14 72G CF628
78G CF500 70 27 43 18 12 78G CF482

The TGA plots of the cotton wool-like hybrid fibres were also analysed to determine the total
mass percentage of organic content. Rather than 66 % for each composition, the percentage of
organic content was 62 %, 68 %, and 67 %, for 70G fibres with CF250, CF500 and CF750
respectively. As the GPTMS contributes to 66 % organic, the fluctuation in total organic

content was due to changes in the amount of gelatin and TEOS incorporated into the fibres.

When electrospinning, there is opportunity for gelatiny, GPTMS, and hydrolysed TEOS to be
lost from the final fibre composition as droplets of solution which fall from the needle. This is
typical of electrospinning and these droplets may have contained unreacted components of the
solution, or excess homogeneous solution if the flow rate was too high. The former option is

more likely considering the phase separation of the solutions.

Figure 54 plots the mass percentage of each component, gelatiny GPTMS organic, GPTMS
inorganic and TEOS of the 70G hybrids. The total organic content of the 3D printed hybrids is
marked at 66 % and the total organic content of the electrospun hybrids in laid over the graph

in green.
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Figure 54. Chart showing the % mass contributions of gelatin, TEOS, inorganic GPTMS, and organic
GPTMS of hybrids produced using the HF-free 3D printing method, and the total mass % of organic in

electrospun fibres of the same composition.

From this comparison, the amount of gelatin and silica lost during electrospinning cannot be
measured. However, by comparing the DSC plots of hybrids prepared using the 3D printing
and electrospinning method in Figure 55, some clues were revealed. 70G CF500 TGA and
DSC plots was used as an example as all composition showed a similar result. The electrospun
hybrid plot has a peak at 340°C indicating the oxidation and thermal degradation of GPTMS
and no high temperature gelatin degradation peak (oxidation of glycine) at ~600°C. Therefore,

the amount of gelatin incorporated into the fibres was small compared to the amount

incorporated when 3D printing.
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Figure 55. Thermal analysis of 70G CF500 hybrid. Solid lines indicate hybrid prepared by
electrospinning, dashed lines indicate hybrid prepared by 3D printing method.
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Due to the shorter aging times when electrospinning, the silica network condensation of the
solutions were predicted to be low, particularly at low C-factors. The DSC plots and organic
content of the fibres suggest both silica and gelatin were lost from during the electrospinning
process. For the CF500 and CF750 hybrids, if less gelatin was incorporated when
electrospinning, then less TEOS must also have been incorporated in order to maintain the 68

% and 67 % organic content. The CF250 hybrid must have lost more gelatin than silica.

These results are all based on the assumption that the C-factor of the functionalised gelatin
samples were the same as the C-factor of the hybrid samples as expected from the
functionalisation study, and that 1 GPTMS molecule contributes one SiOj3 unit of organic (76
Da). This is not the standard value for calculating moles of GPTMS organic as it is generally
assumed that 1 mole of GPTMS produces 1 mole of SiO; 5. Using the molecular weight of this
organic unit (52 Da) results in a C-factor much larger than predicted, CF1082 for the CF500
sample, which is not possible as the GPTMS addition was 500x the molar amount of gelatin

added, and it is again impossible that 50 % of the gelatin was lost during freeze drying.
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6.3.5 Silica network condensation of fibres

The viscosity of the electrospun solutions was dependent on the crosslinking induced by
condensation of the silica-gelatin hybrid network. Therefore, shorter solution-aging times were
required compared to 3D printing which implied lower silica network condensation of the
solutions during electrospinning, however further condensation was expected during solvent
evaporation (Tonda-Turo et al., 2013). The silica network condensation of 3D cotton wool-
like fibres of composition 70G: 250, 500, and 750, were investigated by *’Si MAS NMR. The
T structure relates to the GPTMS connectivity, and Q structure relates to the TEOS
connectivity. The NMR data is presented in Table 15, the NMR patterns are shown in Figure
56.

Table 15. T structure, Q structure, and degree of condensation quantified by °Si MAS NMR for 3D
cotton wool-like electrospun 70G hybrids with varying C-factor: 250, 500 and 750.

CF250 (3D) CF500 (3D) CF750 (3D)
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Figure 56. 26i MAS NMR spectra for 3D cotton wool-like electrospun silica-gelatin 70G hybrids
comparing C-factors: CF250, CF500, CF750.

As C-factor increased, the % of Si-OH groups available for condensation increased due to the
increased numbers of GPTMS molecules providing Si-OH groups while the contribution of Si-
OH groups from TEOS remained constant. Therefore, with increasing C-factor, the

contribution of the T structure was expected to increase and Q was expected to decrease.

Figure 57 was produced to visualise the distribution of individual species presented in Table
15. The distribution of the T species and Q species for each composition were compared to

identify the most condensed T structure and Q structure.

The T structure was where the most substantial change in distribution was observed. CF250

fibres had a fairly even distribution of T!, T2 and T°, compared to CF500 and CF750 fibres
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which had a larger percentage of T* and T compared to T'. For example, CF250 fibres had
11.4 % T" and 15.3 % T°, whereas CF750 fibres had 1.2 % T" and 43.2 % T’  The percentage
of T? species increased almost linearly with C-factor. The higher percentage of higher order T

species indicated a more condensed T structure in higher C-factor hybrid fibres.

The overall Q species contributions from CF250, CF500, and CF750 fibres did decrease with
increasing C-factor, 60.2 %, 48.7 % and 36.8 % respectively; however the Q* contributions
were similar, with 32.3 %, 32.1 % and 28.2 % contributions from CF250, CF500 and CF750
fibres respectively. Also important was the reduction in Q* presence in CF750 fibres which
was 0.1 % compared to 6.3 % and 4.7 % for CF250 and CFS500 fibres respectively. Therefore,
CF750 fibres had the most condensed Q structure as 77 % of the Q structure was attributed to
Q", compared to 66 % for CE500 and 54 % in the CF250 hybrid fibres.
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Figure 57. T and Q structure plotted to demonstrate trends in distribution of species.

Overall, the degree of condensation, D, of the hybrids, was highest for CF750 with a value of
81.1%. CF500 had a value of 74.5 % and CF250 had a value of 64.3 %. The solid state NMR
results showed the T structure increased relative to the Q structure in the electrospun fibres,
indicating improved functionalisation regardless of a reduced aging time compared to 3D
printing. This is as expected from the functionalisation study in section 4.3.1 and evaluation of
high C-factor compositions, Figure 54. Determining that 70G CF250 fibres had the lowest
connectivity was not unexpected as FTIR results showed an additional Si-OH band that was

not observed for CF500 or CF750 hybrid fibres.
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6.3.6 Dissolution study

The dissolution properties of the silica-gelatin hybrid fibres were characterised by a 1 week
dissolution study in TRIS. The release of gelatin and soluble silica from the cotton wool-like
fibres produced from 70G CF250, 70G CF500, and 70G CF750 hybrid solutions are shown in
Figure 58. Comparing these results to the dissolution results for the 3D printed scaffolds,
Figure 36, involves comparing lots of variables, some unknown, including: gelatin content,
GPTMS content, silica (from TEOS), surface area and some known, including: network

condensation and designed composition.

The gelatin had a similar release trend for all compositions. At the end of the one-week study,
CF250 showed the lowest concentration of gelatin released and none of the fibres had reached
a plateau in the release. This correlates to the finding that 70G CF250 fibres had the lowest
organic content. Comparing the gelatin release of the fibres to that of 3D printed scaffolds, the
release trend was similar despite the predicted increase in surface area of the fibres.
Considering the gelatin release as a percentage of the total organic of the hybrids, 70G
electrospun fibres released ~2.0 % for all C-factors whereas the 3D printed scaffolds, 78G
CF500, released ~1.4 % after one week. The gelatin release was half that of 30G CF500 foams
produced by Mahony et al., and with the fibres, the surface area of the fibres was larger than
that of the foams (Mahony et al., 2010), hence gelatin is more stable in the fibres than the

foams.

The silicon detection showed marked differences between the different compositions. CF250
hybrid fibres released 42 pg mL™' of Si in the first 8 h whereas CF500 and CF750 hybrid fibres
released less than 5 pg mL™' of Si. This correlated with the FTIR and solid state NMR findings
that CF250 had a high percentage of T and Q species in low orders. After 24 h, CF250
dissolution began to slow. CF500 showed a similar release curve to CF250 however the initial
rate of release for CF500 was delayed and levelling off took place at 72 h. CF750 showed a
very different trend in dissolution. Instead of rapid initial release leading to a plateau of Si
concentration, the release was gradual and slow, only 17 pg mL™ of Si was detected at 72 h
for CF750, compared to 61 pg mL" and 73 pg mL" for CF500 and CF750 respectively. This
correlated to the solid state NMR results that CF750 had almost no Q* species, hence reducing
dissolution. At the 1 week time point, CF250 showed the highest release of 94 pg mL™ while
CF500 and CF750 were lower, ~60 pg mL™. Considering the total inorganic content at each
composition, the Si release is equivalent to 17 % loss for CF250 fibres and 13 % for CF500
and CF750 fibres. The reduced soluble silica release at higher C-factors correlates to the

overall improved connectivity of the T structure with increased C-factor.
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The 3D printed scaffolds, 78G CF500, lost ~18 % of the silicon at the one week time point.

The reduced soluble silica release of the fibres could be due to the origin of the silica in the

silica network, as cleavage of the ester bond to release GPTMS requires a higher activation

energy than hydrolysis of the silica network; 56 kcal mol™ compared to 49, 33 and 23 keal
mol*for Q*, Q’, and Q respectively (Pelmenschikov et al., 2000).

The overall mass loss was measured to be 37 % (CF250), 34 % (CF500) and 33 % (CF750)

for the electrospun 70G hybrids after one week in TRIS, hence additional mass was lost as

silica was released in the form of soluble silica or GPTMS.
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Figure 58. Results of dissolution in TRIS for fibres made with 70G and CF250, 500 and 750. Over a

one week period the Si release and gelatin release was investigated as shown in a) and b) respectively.

In general, the gelatin and silica release trend during dissolution was very similar for both

scaffold types (see Figure 36). Both showed non-congruent degradation, high Si release and

low gelatin release when compared to the foams produced by Mahony et al.
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Post-dissolution fibres

After one week of soaking in TRIS, the fibres were filtered, dried, and viewed under SEM. The
fibres appeared to have softened and distorted but did not reduce in diameter. The mean fibre
diameters in pm were 1.58 = 0.36, 1.33 = 0.43 and 1.15 = 0.48 for CF250, CF500 and CF750
respectively. Comparing these to the fibre diameters before dissolution, the diameters were in
the same range when errors were considered. The reduction in fibre diameter was therefore
negligible, which is an important improvement in comparison to papers using similar

compositions (Gao et al., 2013a, Song et al., 2008b, Tonda-Turo et al., 2013).

Whist suspended in TRIS, the fibres would have softened due to loss of silica content however
the fibre diameters (volumes) were maintained by the low gelatin release of ~2 %. Softening
due to loss of silica was also observed for the 3D printed scaffolds after one week soaking, and
resulted in a 95 % loss of compressive strength. Despite the distortion of the CF750 fibres, the
structure looks like a flattened version of a mix of 3D cotton wool-like fibres and 3D fused
fibres. The CF500 and CF250 fibres appear to show increased levels of fusion that occurred
during the soaking and drying process, however this is not entirely clear as the fibres may have

been fused before soaking.
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Figure 59. SEM of fibres after 1 week soaking in TRIS solution: a) CF250 sheet-structure fibres, b)
CF500 cotton wool-like fibres and c) CF750 cotton wool-like fibres.

Post-dissolution chemical bonding of fibres

FTIR data in Figure 60 shows the change in spectra of the fibres after the one week dissolution
study in TRIS. The bands were normalised against the gelatin amide bands. Gelatin reduced
during dissolution, but as the gelatin release was similar for all compositions the data was still

comparable.

For all compositions there was a reduction in the Si-C band at 1200 cm™ and Si-OH/oxirane
band at 900 cm™ relative to the gelatin amide I band. The reduction in these bands indicated a
loss of GPTMS relative to gelatin for all compositions. This could be due to cleavage of the

ester or the loss of self-hydrolysed species.
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The asymmetric bands for Si-O-Si: 1040 cm™ and 1090 cm™, and symmetric band at 790 cm,

1

reduced for CF250 and CF500, however the band showed less reduction in intensity for

CF750 fibres. This correlated to the solid state NMR results where a high proportion of well-

connected GPTMS molecules and low proportion of Q” species were observed for CF750

hybrid fibres compared to lower C-factor fibres.
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Figure 60. FTIR spectra of 70G hybrid: CF250, CF500 and CF750 fibres before and after one week

dissolution study in TRIS.
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6.3.7 Cell attachment and viability

The fibres were designed for use in the superficial zone of the cartilage tissue scaffold so the
cell attachment, morphology and viability were assessed of 70G CF500 and 70G CF750 fibres.
The 70G CF250 electrospun fibres were not examined due to the reduced stability of the fibres

in TRIS making them less appropriate for the application.

The SEM images of individual cells on the fibres in Figure 61 show that cells readily attached
to the fibres in the 3-day attachment study. The cells maintained a spherical morphology, even

when attached to various fibres as seen in image b.

Figure 61. SEM image of the spherical morphology of the ATDCS5 chondrocytes attached to: a) 70G
CF500; and b) 70G CF750 fibres.

The fusion observed of the fibres is unlikely to be due to fusion during the cell study. The

fibres used for the cell work were 3D fusion fibres as the fibre volume produced was limited.

The confocal images of the LIVE/DEAD assay in Figure 61 demonstrated that the composition
and structure were not cytotoxic to cells as no dead (red) cells were observed after 7 days. The
cells generally appeared to maintain the spherical morphology expected of hyaline cartilage.
Again, the fibre structure seen is not ideal and beading is observed, however this has not been
detrimental to the results. The out of focus regions of Figure 61b are due to the presence of

fibres above the cells, where the microscope is focused.
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Figure 62. In vitro toxicity evaluation by a LIVE/DEAD assay of a) 70G CF500 fibres and b) 70G
CF750 fibres, using calcein AM for staining of the live cells (green) and ethidium homodimer-1 for

staining the nuclei of dead cells (red). Scale bar is 100 pm.

Overall, the fibres are small compared to cells, and individual cells are hosted on individual
and fused fibres. The spacing between fibres is expected to allow for 3D regeneration of the
superficial zone, however a cartilaginous matrix study is required to fully assess whether these
fibres would increase the cell and ECM density in the superficial layer of the scaffold. Current
results are promising as cell viability is high and chondrocytes remain spherical when attached

to the fibres.
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6.4 Summary

This chapter presented a new method for electrospinning silica-gelatin hybrids functionalised
by GPTMS directly from sol. 3D cotton wool-like structures of ~1.5 pm diameter fibres from
the hybrid solutions: 70G CF250, 70G CF500, 70G CF750, were produced. The
electrospinning parameters used to obtain these cotton wool-like fibres were: applied voltage
of 9.5 kV, needle collector separation of 20 cm, flow rate of 0.05 mL min™', 22 gauge stainless
steel needle, humidity of 55 %, and syringe temperature of 50°C. The material parameters
required to obtain these cotton wool-like fibres were: 60-80 cP viscosity for CF250 and
CF500, 60-100 cP viscosity for CF750. To form the cotton wool-like-like structure the high
humidity and requisite viscosity were essential along with preventing the fibres from coming
into contact with each other and the collector surface. 2D fibre mats of distinct fibres were

also formed using silica-gelatin hybrid compositions of 70G CF185 and 70G CF250.

To achieve distinct cotton wool-like fibres with high C-factors, the first consideration was the
requisite viscosity. The viscosity-time plot showed an inflection point. As the crosslinking in
the network reached a critical point, the solvent and gel began to phase separate, increasing
the viscosity at a higher rate. The onset time of the inflection point increased with C-factor due

to the increased amount of solvent present.

The thermal analysis of hybrids with increasing C-factor showed that a C-factor of CF750 was
not attainable when using the 3D printing method and 70G hybrids. A C-factor of 630 was
achieved which still offered a considerable increase in functionalisation compared to CF500
hybrids for which a C-factor of 492 was estimated. During the electrospinning process, the
gelatin and TEOS content were reduced compared to when 3D printing. This was apparent
from the missing gelatin degradation peak at ~600°C peak in the DSC plot of the electrospun
fibres. The organic portion of GPTMS represents 66 % by mass, therefore to maintain the
total organic content observed for the fibres, 60 %, 67 %, and 68 % for 70G: CF250, CF500,
and CF750 respectively, TEOS must also have been lost as solvent or in droplets when exiting

the needle.

The silica network connectivity, D, of the hybrids, increased with increasing C-factor. The D,
improved from 64.3 % to 75.5 %, to 81.1 % for the increasing C-factor hybrid fibres due to
the increased functionalisation, solvent content which increased solution-aging times, and the
solvent evaporation period where GPTMS and sol-gel condensation occurred when

electrospinning.
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In the dissolution study, CF750 showed reduced Si release and a more linear release trend
compared to the other compositions which showed initial rapid release and reached a plateau
after 3 days. In total there was 17 % Si release as a percentage of the total inorganic content
from CF250 fibres, and 13 % loss from CF500 and CF750 fibres. The gelatin release for all
compositions was similar, ~2 %, with linear release observed. SEM images after this one week
study indicated increased fusion of the CF250 and CF500 hybrid fibres but this was less
apparent in CF750 hybrid fibres. FTIR data comparing the composition before and after

dissolution again confirmed CF750 to have a more stable silica network.

The 70G CF750 composition proved to be the most promising due to reduced dissolution in
TRIS and highest D.. The cell attachment study showed that chondrocytes seeded on the fibres

retained the spherical morphology typical of hyaline cartilage and no cell death was induced.
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CHAPTER 7. CONCLUDING REMARKS

Silica-gelatin sol-gel hybrids were developed as new biomaterial inks for 3D printing and
electrospinning in order to create a zonal scaffold for cartilage regeneration. The most
important finding was that Class II hybrids were compatible with 3D printing when using the
HF-free method developed here and when monitoring the gelation rate of the hybrid material.
Another novel aspect of this work was the ability to form cotton wool-like fibre structures
from the hybrid material. The high C-factor solutions formed distinct fibres with excellent

volume stability after 1 week soaking in TRIS.

Compared to prior work, the 3D printed scaffolds have improved mechanical properties over
the foamed silica-gelatin hybrid scaffolds by Mahony et al. (Mahony et al., 2010). In
comparison to the 3D printed BG-gelatin Class I hybrids produced by Gao et al., the scaffolds
here have smaller channel and strut width, as well as reduced swelling. The electrospun fibres
produced are more volumetrically stable in TRIS than other gelatin-GPTMS based fibres
(Tonda-Turo et al., 2013, Ren et al., 2010, Gao et al., 2013a) and distinct fibres were formed

using high C-factor compositions which was not previously observed (Song et al., 2008b).

The main limitation of these techniques to create a cartilage tissue scaffold is the limited time
window for 3D printing and electrospinning due to the continuing network condensation and
crosslinking of the hybrid material. Secondary limitations include the strut width during 3D
printing and shift in strut arrangement during scaffold aging. To reduce strut width, the
concentration of the hybrid gel could be increased but this would affect the network
condensation rate, and reducing the aging time would limit the final silica network

condensation.

[ believe the scaffold developed in this work is clinically relevant due to the high bioactivity of
the material, direct cell infiltration channels, and volume stability. The mechanical properties
when wet are compatible with native tissue and low swelling allows for direct implantation of

the scaffold into the defect site.
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7.1 Summary of results

The primary objective was to adapt the silica-gelatin hybrid process to produce a highly
condensed sol-gel network without the use of HF, but with GPTMS as the coupling agent. The
functionalisation and aging conditions were investigated and the conditions selected for 3D
printing were 3 h functionalisation at 40°C, and 1 week scaffold-aging at room temperature
before drying. To electrospin, the method replaced 40 % of water with ethanol during the 3 h
functionalisation to increase the volatility of the solvent when electrospinning. In both cases,
the condensation of the sol-gel network increased the viscosity of the hybrids over time and
had to be monitored to determine a suitable viscosity window for 3D printing and
electrospinning. The hybrid composition for 3D printing, 78G CF500, was selected due to its
high gelatin content, efficient crosslinking, and suitable gelation rate. The minimum strut
separation achieved was 1 mm; the limiting factor was the width of the strut deposited when
extruded through the smallest compatible nozzle with lowest compatible deposition rate and
print speed. The hybrid compositions which produced cotton wool-like fibres at 55 %
humidity were 70G hybrids with CF250, CF500 and CF750, and ~1.5 pm fibre diameters

were measured.

The drying method was critical for both fabrication methods. 3D printed scaffolds had
controllable strut width and separation when dried via critical point drying, but had shrunken,
spindle-like struts when freeze-dried. In both cases, dried scaffolds had dense walls running
vertically across the scaffold which provided additional compressive strength but retained large
interconnects between the walls to allow for efficient cell infiltration and diffusion. Scaffolds
3D printed with 1 mm strut separation resulted in scaffolds with ~160 pm strut width and
~200 pm channels, the desired channel width for 3D printed cartilage tissue scaffolds. The
fibres were dried at room temperature overnight, however to maintain the cotton wool-like
structure, fibre-fibre and fibre-collector contacts were minimised by using a collector that

fibres could essentially hang from.

In both cases, the degree of condensation of the hybrids was measured. Comparing 78G
CF500 3D printed hybrids to 78G CF500 foamed hybrids (using HF), the D, values were 90.4
% and 94.2 % respectively, and hence the revised hybrid method maintained high network
condensation. The electrospun fibres with 70G and increasing C-factors produced hybrids
with increasing D, values with improvements arising from the T structure. CF250, CF500 and

CF750 had D, values 64.3 %, 75.5 %, and 81.1 % respectively.
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The stability of the 3D printed scaffolds and electrospun fibres in TRIS were measured over a
one month period for 3D printed scaffolds, and a one week period for the fibres. At the end of
the 3D printed scaffold study, ~25 % of the total silica content was detected (as silicon), and
the gelatin released was ~3 % of the total organic content. The CF500 and CF750 fibres
released ~13 % of the total silica content as Si, and the gelatin released was ~2 % of the total
organic content. The CF250 fibres released slightly more silicon, ~17 %. This low gelatin
release resulted in stable structures in terms of volume, however mechanical properties were
affected by the loss of inorganic. If the silicon was lost in the form of Si(OH)4, the mass of
soluble silica lost is 3.4x the mass of silicon detected, and the mass loss is greater, 6.8x, when
Si is lost through hydrolysis of the GPTMS ester bond. After one week soaking in TRIS, the
FD 3D printed scaffolds lost 90 % of their compressive strength and Young’s modulus. When
wet, the CPD scaffolds had a compressive strength of 1.3 MPa for CPD scaffolds with 200 pm
channel width which is an order of magnitude lower than the compressive strength of hyaline
cartilage ~30 MPa. A positive outcome from the loss of inorganic was a non-linear
compressive response from the CPD scaffolds and a Young’s modulus comparable to native

ECM, 0.5-1 MPa.

In both scaffolds, chondrocytes showed excellent cell attachment in 3 days and a 28-day
cartilaginous matrix formation study on the 3D printed scaffolds showed uniform distribution
of healthy hyaline cartilage throughout using one quarter of the cells required for ACI. This
study was not performed on the electrospun fibres, however the spherical morphology of cells

when attached to the fibres was very promising.

Overall, development of a method to produce silica-gelatin-GPTMS hybrids, with a high
degree of network condensation, but avoiding rapid gelation, was successful. The
compositions were tailored for the 3D printing and electrospinning process and the desired
channel width and fibre width were obtained. The dissolution study showed excellent volume
stability of the hybrids and the loss of inorganic resulted in a Young’s modulus in the range of

native ECM, but was detrimental to compressive strength.
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7.2 Further work

To improve and establish the viability of this cartilage tissue scaffold, there are various
avenues to explore. Firstly, a cartilaginous matrix study should be performed on the
electrospun layer to assess whether the formation of a superficial zone is possible. Current
results show cell attachment and spherical morphology of chondrocytes, but cell density and

native hyaline ECM formation is yet to be observed.

The stability of the dual layer must be assessed in in vivo conditions. By implanting the
scaffolds into the articular joints of cadavers, whether the fibres are retained on top of the 3D
printed scaffold when natural articular motions occur could be assessed. The first idea to
stabilize the layers is to place the 3D printed scaffold with the fibres on top and centrifuge
whilst suspended in medium to create mechanical linkages. If not stable, the alternative option
is to use glue; gelatin-GPTMS glue would be the starting point. Once stable, the compatibility
of the electrospun layer as a conformable, low friction surface must be evaluated by assessing

any damage to the opposing layer of hyaline cartilage in the joint.

The section of the scaffold designed to integrate with subchondral bone could be improved by
calcium inclusion to stimulate HCA nucleation on the surface. Calcium salts used to make
bioactive glass do not incorporate into sol-gel hybrids due to the low-temperature processing
route. Alternatively, calcium alkoxides may be introduced to the sol-gel process however they
are highly reactive with water and hydroxyl groups and would therefore affect the 3D printing
process (Poologasundarampillai et al., 2014b). It may be possible to add the calcium alkoxide

solution to the hybrid as it is extruded from the nozzle, or post-printing.

To assess the potential of the scaffold as a cell-free, AMIC implant, the scaffolds require
testing iz vivo using an osteochondral rabbit model. Ideally, the high bioactivity of the scaffold
would stimulate stem cells released from the bone marrow to regenerate hyaline cartilage
without the need for pre-selecting or pre-seeding the cells onto the scaffold. Depending on the
speed and strength of the scaffold fixation with subchondral bone, additional fixation of the

scaffold with the surround cartilage may be required using fibrin glue or alternatives.
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