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Abstract

Sol-gel hybrid materials are made up of covalently bonded and interpenetrating networks of organic
and inorganic components and produce a synergy of the properties of those components above the
nanoscale. By altering the ratio of inorganic to organic content, the mechanical properties can be
tuned. Here, a silica-poly(tetrahydrofuran) hybrid system was developed with the aim to form a
graded stiffness structure that could imitate the radial variation in stiffness of the intervertebral disc

and address the unmet clinical need of intervertebral disc replacement.

Hybrids were formed with a range of silica contents between 4 and 45 wt.%, varying from an
elastomeric to a glassy material, with compressive stiffness between 2 and 200 MPa. High compressive
strains are recoverable and mechanical properties were maintained on soaking up to 1.5 years and to
10000 cycles in compression. The hybrid surface was shown to support cell attachment and extract

solutions containing the hybrid were non-cytotoxic.

A novel synthesis method was developed to join hybrid sols during their gelation, forming a single
specimen with a variation in silica content along its length, producing a corresponding variation in
stiffness. Samples joined in this way were at least as strong as single phase samples in tension and
compression. This exploits the gradual gelation process of the hybrid sol, which can also be used to
create a successful ink for 3D extrusion printing: porous scaffolds were formed in this way with 27.7
wt.% SiO,. Meniscus and intervertebral disc replacement prototypes were formed and tested under

cyclic loading at rates for comparison with human disc data.
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Figure 3.9: Hybrid roughness (arithmetic average, Ra) and shrinkage factor as a function of the
roughness of the mould bottom surface for two hybrid compositions of Si2.5-PTHF and Si10-PTHF. 72

Table 3.3: Average roughness and dimensions of Si2.5-PTHF hybrid sample in rectangular PTFE mould.

Table 3.4: Silica content and sample codes of hybrid samples used for mechanical testing............... 74
Figure 3.10: a. TGA analysis of eight Si-PTHF compositions, showing the mass % with temperature. The
mass loss was sharper at lower polymer content. b. DSC for four different Si-PTHF compositions. At
low polymer content the DSC peak was sharp as the burn out happens at one time, with high polymer
contents the trace is messier as the polymer burns out more unevenly. Fewer compositions are shown
Lo T - 1 4 PP PPPUPPPR: 74
Figure 3.11: TGA of samples of the same composition with different drying conditions: disc and
cylinder have the same Silica CONTENT........ccoiiiiiii it e e e e earae e e e e 75
Figure 3.12: FTIR spectra of eight SiO,-PTHF hybrid discs with varying silica content, normalised to the
highest peak at around 1100 cm™. Spectra are overlaid to highlight the change with composition...76
Figure 3.13: Expanded sections of FTIR of eight hybrid compositions all normalised to the Si-O-Si peaks
at around 1100 cm™, to highlight the change in intensity in the direction of the arrows shown when
the silica content of the hybrid is increased. In a. the v(CH;) bands decrease with increased wt. % SiO,
and in b. there is a corresponding relative increase in the height of the v(Si-OH) and vs(Si-O-Si). The
absorptions for v(Si-O-C) and va.s(Si-O-Si) overlap so the trend here cannot be seen without
deconVolution Of the SPECLIA. ....ccii i e e e e e s s e e e e sbae e e e eareeas 77
Figure 3.14: FTIR spectra of GPTMS, commercial PTHF and Si0O-PTHF. Symmetric and asymmetric
deformation of the epoxide ring is evidenced between 915-800 cm™ (arrow) which is not visible in SiO-
I LT o 0T o =TSR 77
Table 3.5: Chemical shifts (8) and percentage abundance (1) of C-Si(O-Si)n(OH)s.n (T") and Si(O-Si)n(OH)a-
n (Q") silicon species determined from CPMAS data in conjunction with quantitative information from
decoupled single pulse experiments (v, = 5 kHz) for Si10-PTHF and Si15-PTHF..........cccoceeeeiieeeennneen. 78
Figure 3.15: Solid state >°Si MAS NMR for Si10-PTHF (32 wt.% SiO,, above) and Si15-PTHF (31 wt.%
SiO,, below). Q" = Si(O-Si)a(OH)a.n (Q") @nd T" = C-Si(O-Si)a(OH)3:n veerveerueeriirieeieeeeeenee e 79
Figure 3.16: Comparing the engineering values of stress and strain (o, &) with the true values of stress
and strain (o°, €) and the values measured optically from a series of photos (o, €), suggests that the
most accurate values to use are the true stress with the engineering strain (o", &). Sample
composition: Si5-PTHF, inset shows the barrelling effect that occurred. .......cccooeeveiiiiiiicciee e, 80
Figure 3.17: Mechanical properties in compression of hybrid cylinders as a function of silicate content

a. The ¢" at failure and at an engineering strain, e. = 10%, b. €. at failure, c. modulus at . = 10%,
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calculated as the tangent to the curve at this point, and d. example stress-strain curve during loading
and unloading over 10 cycles, for 18 W.% SiOa.......ueiiiiiiieicciee ettt e e e e e 81
Figure 3.18: Typical fracture surfaces for Sil1.75, 5, 10, 20 —PTHF (L-R). Scale bar =50 pm. ............... 82
Figure 3.19: DMA in compression for three hybrid compositions: Si2.5, Si5, Si7.5-PTHF, a. Storage
modulus and b. Loss modulus. The storage and loss moduli increase with increasing silica content and
increased strain range, and for the stiffer sample Si7.5-PTHF there is also an increase in the storage
MOAUIUS WIth frEQUENCY. ceiiiiiiie e e et e e s s e e e s be e e e sabeeesennbeeeesnnreeas 83
Figure 3.20: Cyclic compression on Si5-PTHF (22.3 wt.% SiO) at four different strain rates: 1, 60, 90,
150 mm minL. The first 40 cycles of 10% are SNHOWN. .......cc.cecuieuierieieiceeeeeeeee ettt 84
Figure 3.21: a. True stress at failure in tension, showing an increase with increasing silica content. b.
True strain at failure in tension with silica content. c. Stiffness in tension as defined as the tangent to
the curve at true strain = 10%. d. Example of 13 wt.% SiO, sample stress-strain curve with true stress
and strain in comparison with engineering stress and strain, which does not account for the change in
CrOSS-SECLIONAI @A, .eeutiiiiiiie ittt ettt e b e e s bt e s ae e s at e st e et e e b e e bt e s beesbeesaeeeatean 85
Figure 3.22: Storage and loss moduli of three hybrid compositions: Sil, Si2.5, Si5-PTHF at € =5-10% in
tension. Table gives the relevant silica content for each sample tested here and Eio% measured from
the stress-strain curve, which is consistent with the measured storage modulus for Si1-PTHF and Si5-
ol 1 | TSP PR PR PRURROPRRPO 86
Figure 3.23: Stress relaxation in tension over one hour for Si2.5-PTHF. The initial strain is 50% of & at
failure. Inset shows the average and standard deviation percentage stress loss after 5 seconds, 5
minutes, 30 minutes and 1 hour from five repeats. ... 87
Figure 3.24: TGA and DSC analysis before and after soaking for 1.5 years. Samples are Si5-PTHF from
the same synthesis. There is a slight change in the shape of the mass loss curve which could be due to
the size distribution of the pieces analysed. It also cannot be ruled out that deposits from PBS could
counter act any weight [0Ss from the SamMPle...........ooiiiiiii e 88
Figure 3.25: a. Cyclic compression for Si5-PTHF at different time points soaking for between 2 hours
and 1.5 years in PBS at 37°C and 120 rpm to simulate the body environment (10 cycles shown of 100
tested). b. Failure stress in compression for dry samples compared to samples soaked for one month
[[a W N LA 7 A G- T To I 70 N o o o o PSRN 89
Figure 3.26: DMA in compression at strain ranges of 2-5, 5-10 and 10-15 % for dry samples and samples
soaked for one month of composition a. Si2.5-PTHF and b. Si7.5-PTHF. At the lower silica content, the
error bars overlap for each strain range, whereas for the higher silica content hybrid there is a

significant increase in the storage modulus, highlighting the effect of the silica on the stiffening.....90
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Table 3.6: Mechanical property data for IVD cartilage tissue, compared with 9.5 wt.% SiO; hybrid
[olo] 111 o Jo 1] 14 Lo o IO T T T T T PP TP 91
Figure 3.27: Storage and loss modulus in tension for the same sample (18.5 wt.% SiO;) without
irradiation and irradiated at 25 kGy, over a strain range of 2105 %. .cccvveeeeiiieeeciiiee e, 92
Figure 3.28: a. Storage and loss modulus in tension over 2 to 5 % strain, for samples of 27.6 wt.% SiO,
irradiated at 25, 50 and 100 kGy. b. TGA and DSC traces of the same material before and after gamma
Irradiation @t 100 KGY. .....ceiiiciiieiiiiiieeeciiee e ecttee s e et e e et e e e e sbaeeesssbteeessnbeeeessbeeessnseeeesnsenessnsseens 93
Figure 3.29: a. Cell viability over time, for high and low cell density conditions. b. Cytoskeleton staining
(actin and tubulin) of mouse ATDC5 chondrocytes on the surface of hybrid samples at day 10. Cells
attach, spread and remain viable over time although they do not proliferate. Scale bar is 100 um...94
Figure 3.30: MMT results after 24 h with mouse chondrogenic cell line ATDC5 1 x 10* cells per well,
n=6. There is a significant difference between the positive control and all other conditions, and none
between the blank, positive and test extracts of all dilutions (p<0.01) which are all above the 70%

viability threshold for NON-CYLOtOXICItY......c.uuiiiiciiiee i e e e e e e e eanes 95

CHAPTER 4: MULTIPHASE HYBRIDS

Table 4.1: Typical synthesis quantities for first and second hybrid sols to form a two phase Si2.5-
PTHF/Si7.5-PTHF hybrid, at joining times of t.e = 2 hour, 1 day, 3 day in the ageing of the first sol. x
refers to the moles of TEOS and a to the moles of GPTMS, the ratio of which (x/a) controls the
INOIZANIC/OMZANIC FALI0. 1uviiiieiiieitieiteecee ettt et et esr e et e ebe e be e beestbesabeeabeesbeebeesteesasesabeenbeenseenseensns 100
Figure 4.1: Tensile test sample schematic with the join interface shown as the dotted line. Each end is
covered in tape to prevent tearing inside the grips (hatched region)........ccccoeevieeeceeccie e, 101
Figure 4.2: Silica content in multiphase hybrids measured by TGA. a. Single phase Si2.5-PTHF b. Two-
phase hybrid with identical composition Si2.5-PTHF/Si2.5-PTHF, c. Two-phase hybrid with different
composition Si2.5-PTHF/Si7.5-PTHF and d. Three-phase hybrid with different composition Sil-
PTHF/Si5-PTHF/Si20-PTHF. Cylinder dimensions = 10 X 15 MM. .....ccoveeeiieeiiieeeeeeeiee e 105
Figure 4.3: Discs formed from Si2.5-PTHF/Si7.5-PTHF at joining times of a. 2 hours, b. 1 day, c. 3 day.
d. shows a sample for tensile testing cut from a disc joined at 1 day, with the interface horizontal
across the centre of the SPECIMEN........cciii it e e e e e etre e e e etb e e e e ebaeeaeeanes 106
Table 4.2: Tensile testing of samples of different compositions compared to the single phase (‘0 hour’
J[o11 011274 PSS SRR 107
Figure 4.4: Tensile testing of Si2.5-PTHF/Si7.5-PTHF samples at a. tage = 2 hour, b. tage = 1 day, C. tage =
1 day at a larger extension, highlighting that deformation occurs in the less stiff phase, d. 6" v €" curves
for single phase Si2.5-PTHF samples and Si2.5-PTHF/Si7.5-PTHF samples joined at tage = 2 hour and 1

day. e. A sample joined at tige = 1 day which failed along the interface. ....ccccovvvevviiiiiiiniiciiene, 108
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Figure 4.5: Tensile testing of identical composition samples (Si2.5-PTHF/Si2.5-PTHF) formed at
different joining times, tage. Using a t-test with unequal variance there was a significant difference
between the failure stress of gels joined after 2 h of ageing compared to those joined after 1 day
(PR0.0L). ettt ettt h e e h et s h et b e e a et e bt et e bt e a e e bt ea e e teehe et e ebeehe e besheetenbeeatas 109
Figure 4.6: a. Si5-PTHF/Si20-PTHF two-phase hybrid with the silica content gradient shown as
measured in 2 mm sections by TGA, and b. compression test of a sample of the same composition. c.
shows photos of the sample at approximately 10% strain intervals up to just before failure. ¥(blue)
labels the Si20-PTHF region and * (red) the Si5-PTHF. ......ccooiiiiicieecee et 110
Figure 4.7: Vertical compression testing of two phase hybrids of: identical composition (diamonds)
and different composition (stars), as a function of time lapsed before joining (tag.), calculated from the
height of only the 1e5ss Stiff PRaSE. ...ciiciiei e e e 111
Figure 4.8: Horizontal compression sample Si2.5-PTHF/Si7.5-PTHF with speckle pattern for DIC
tracking and illumination from behind. Scale bar = 2 mm. Inset shows the facet size used with DIC
software, square size length = 600 M (100 PIXEIS). weeeeeviiieieciiiie et eveee e e 112
Figure 4.9: Stationary test to optimise facet size vertical compression testing, at 40% overlap of facets.

A 100 pixel facet size was selected to minimise error whilst maintaining unique pattern inside each

Figure 4.10: Example of horizontal compression of Si2.5-PTHF/Si7.5-PTHF joined at t,e = 3 days and
10% applied strain, showing the two regions, approximate position of the interface and the applied
compressive force (top platen moves). The strain is measured along the central black line for
subsequent plots. SCale Dar = 2 MM ..o e e e e e ebe e e e sraaeeeeaees 114
Figure 4.11: Horizontal compression testing showing the strain map in the direction perpendicular to
the applied force as tracked by DIC, for identical composition samples (Si2.5-PTHF/Si2.5-PTHF) and
different compositions (Si2.5-PTHF/Si7.5-PTHF) at tage = 2 h, 1 d, 3 d and for single phase Si2.5-PTHF
sample (0 h) at 10% strain. Overlaid graph (white) is the same strain measured specifically along the
black line through the centre of the cylinder. Scale bar = 2 mm. Three samples were tested in each
condition of which one representative strain map is shown, at the centre of the cylinder. ............. 116
Figure 4.12: Vertical compression of Si2.5-PTHF/Si7.5-PTHF formed at t.z = 1 day, with the two regions
labelled, the approximate position of the interface and the direction of the applied force. The black
line is the central line in the cylinder along which the strain is graphed (for overlaying on pictures).
SCAIE DAN = 2 MMttt st st sttt e e s sttt r e nneesree e 117
Figure 4.13: DIC of vertical compression samples for identical composition (Si2.5-PTHF/Si2.5-PTHF)
and different composition (Si2.5-PTHF/Si7.5-PTHF) at tage = 2 hour, 1 day, 3 days and additionally for
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single phase Si2.5-PTHF (‘0 hour’). The overlaid white graph is a graphical version of the same strain
map, along the central line of the cylinder (shown in black). Scale bar =2 mm........cccccceeeniiernnnen. 119
Figure 4.14: Compression of Sil-PTHF/Si5-PTHF/Si20-PTHF, with Si1-PTHF labelled with * and Si20-
PTHF with t, at a. 1 mm displacement, b. just before and c. just after failure. d. ¢* v . curves for Sil-
PTHF/Si5-PTHF/Si20-PTHF and Si1-PTHF/Si20-PTHF. e. Sil-PTHF/Si5-PTHF/Si20-PTHF cylinder after
failure and f. fracture surface of the same sample around the transition between phases, scale bar =
200 pum. Strain maps of the interface of g. Si1-PTHF/Si5-PTHF/Si20-PTHF and h. Si1-PTHF/Si20-PTHF
for comparison. SCale bar = 1 MM oo e et e e s ae e e senaeeeeas 121
Figure 4.15: Micro-CT (3D combined image) of two concentrations of ZrO, in hybrid sol at a. 2 mg mL’
1and b. 10 mg mL?, scale bar = 2 mm. c. Photograph of a Si2.5-PTHF/Si7.5-PTHF cylinder with ZrO,
incorporated. Micro-CT slices at zero strain in: d. top half (Si2.5-PTHF) of the cylinder and e. bottom
half (Si7.5-PTHF) Of the CYIINAEY. ...uviiieeeeeeee et e et e e e e e e 123
Figure 4.16: a. Micro-CT image of pattern produced in Si2.5-PTHF hybrid by addition of ZrO; particles,
with inset showing the DVC subset size: cube of side length 492 um = 64 pixels. b. DVC optimisation
of the method used: FFT+DC was selected. c. Optimisation of the overlap of the voxels, from which
50% was selected. d. Optimisation of the subset size of which 64 gave the best compromise of accuracy
1 aTo I o YA E= | W =k o] [V 4 o] o VAU UP SRRt 124
Figure 4.17: Micro-CT images of Si2.5-PTHF/Si7.5-PTHF with 2 mg mL? ZrO, particle incorporation at
a. zero strain, b. 10 % and c. 20 % nominal strain (scale bar = 2 cm), along with the DVC maps of the
strain in the horizontal direction (long axis of the cylinder) at d. 10 % and e. 20 % nominal strain in the
centre of the cylinder (total width =9.04 mm). The labels indicate the movement of the platen (arrow),

the hybrid compositions and approximate position of the interface ind. and e.........cccceevvvvrnnennnns 126

CHAPTER 5: DEVELOPMENT OF 3D SiO,-PTHF STRUCTURES

Table 5.1: Molar ratios and typical synthesis quantities used to synthesis hybrid inks, where x is the
moles of TEOS and a is the Moles 0f GPTIMIS. ...ttt 132
Figure 5.1: Synthesis protocol highlighting the differences in interval and mixing times when making
the ink for injectability testing and 3D printing, along with photographs of a. Hybrid solution at the
threading point, forming a continuous filament to the pot, the point at which the ink was added to
syringes for injectability testing, and b. droplets of the less gelled condition of the hybrid solution at
which ink was added to syringes for 3D Printing..........ceeeciiieeeciiiie e et are e 133
Figure 5.2: Injectability test set up. The force required to move the crosshead at 0.72 mm min?,

extruding the syringe, was measured until the force reaches a plateau. .........ccccecevvevirciieeiicieennn, 135
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Figure 5.3: Stepwise injectability testing. Each 6 minute cycle consisted of 2 minutes of compression
at 0.72 mm min? followed by 4 minute hold. The force applied to achieve this displacement of the
SYFNgE PIUNGEI Was MEASUIEU. ...cccuviiieiciiieeiciieee et e e eette e e e ette e e e e ttee e eetteeeesbteeesestaeeseseeeeesaseaeessnes 137
Figure 5.4: a. Robocaster, b. iso view of 40-layer scaffold, and c. top view of the scaffold pattern
showing the aligned 1attice StrUCLUIE. ..ovviii i e e e e eeee 138
Table 5.2: Printing parameters used in different synthesis groups during optimisation process. * refers
10 STAGEEIEA Z-SPACING .eei i ettt e et e e st e e et a e e e a b e e e e e bae e e e bae e e e ataeeeeaanaeeeean 139
Table 5.3: System of staggered z spacing to counteract spreading of the solution and tip crashing 139
Figure 5.5: Schematic of the compression rig for testing the artificial meniscus: (a) before applying the
load, (b) after applying the load, (c) side view. Schematic drawn by Seyed Ataollah Naghauvi.......... 141
Figure 5.6: Dimensions of IVD mould, scaled to 1.5 times the desired dimensions to account for
SHEINKAZE. UNITS = MM 1ttt e et e e et e e e e e bt e e e e ebteeeeeabeeeesenbtaeessnsenaeeaseneanannes 142
Figure 5.7: Injectability force required to achieve a crosshead displacement rate of 0.72 mm min™ at
0 hour hold time (immediately on defrosting) and after three hours at room temperature for syringes
from one synthesis that had been frozen for 3 days. The labels A, B, C, D refer to the order that hybrid
sol was added to the syringes before freezing, at five minute intervals (A =5, B =10, C=15, D =20
minutes after threading point), however there is no clear correlation between this and the injectability
L LT P PP PR PRPTURTOPPRUO 144
Table 5.4: Silica content of extruded ink at 0 hour and 3 hour hold times. .........cccccceveneenenieenen. 144
Figure 5.8: Stepwise injectability testing over 50 minutes. a. the measured force required for the
displacement steps, b. the filament produced over the total time of the test and c., d. and e. show
SEM images of the filament at the points labelled, at around 10, 30 and 50 minutes respectively. Scale
bar = 100 um. The initial ink extruded did not retain the shape of the filament and therefore was not
(1 T U SRPTN 145
Figure 5.9: The injectability force required to give a crosshead displacement of 0.72 mm min™? as a
function of the freezing time of the syringe at -80°C. The purple box shows the estimated printable
FANEE OF TOICES. ottt e e e et e e e e et te e e e e te e e e eebaeeeeaabaseeeaateeeeeanbaeeeennseeasennrenas 146
Figure 5.10: SEM of a. Si7.5-PTHF printed structure, showing over-stretched and uneven filaments
which break up as highlighted, and b. Si5-PTHF with a more even structure (still with stretched
11T g =T a1 £ TR RO RO 147
Figure 5.11: a. Variation in the interval time (listed along y axis) between addition of BF;:O(C;Hs),
catalyst and the hydrolysed TEQS, with the subsequent mixing time taken before the hybrid sol is
added to syringes. The end of the mixing time corresponds to the threading point except when the

interval time was 7 minutes and in that case the sol never reached the threading point. b. TGA and
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Introduction

A child born in the UK today can expect to live 81.2 years [1]; however, quality of life can be limited
by musculoskeletal problems. Lower back pain is the leading cause of disability globally [2] which is
linked to degenerative changes in the intervertebral discs (IVDs) [3]. Articulating joints in the body like
the knee and the hip are commonly and successfully treated by replacement of whole or part of the
joint with a synthetic implant, and the number of these operations continues to rise year on year [4]
promoted by their success in reducing pain and increasing mobility. Following this model, implants
have been trialled using a ball-in-socket joint to replace the IVD. However, these total disc
replacements (TDRs) have thus far not provided a successful route to restore the spine mobility and

prevent pain.

Another route is to attempt to repair the disc, and in fact non-surgical rehabilitative treatments for
chronic back pain associated with IVD degeneration have not shown a clear difference in patient
outcomes with respect to stabilisation surgery [5] or TDR [6]. However, cartilage tissue is slow to repair
and other reparative methods designed to regenerate the disc are in development [7, 8] which are
most applicable to less severe disc damage and younger patients. The standard surgical solution after
disc removal is stabilisation by spinal fusion, consisting of fixing adjacent vertebrae together and
surrounding with a metallic cage, which retains the separation height between vertebrae but alters
the biomechanics of the spine, which can affect the rest of the body, for example contributing to
failure of hip replacements [9]. There is an unmet clinical need for a total disc replacement than can

replicate the IVD, requiring materials that can match the mechanical properties of the disc.

‘Hybrid’ nanoscale co-networks of organic and inorganic components form a single-phase material
above the nanoscale [10]. The result is a material that can combine the bioactive properties of an
inorganic component with toughening via the organic constituent. By altering the relative amounts of
organic and inorganic precursor, hybrid biomaterials offer the possibility of tuneable mechanical
properties. Due to the intimate mixing of the components and potential for covalent coupling between
them, hybrid materials improve on some of the disadvantages related to conventional composite
materials. It is for this reason that a hybrid system is considered in this thesis for development towards

an IVD replacement device.

This work follows on from the novel silica-poly(e-caprolactone)-poly(tetrahydrofuran) hybrid (SiO,-
PCL-PTHF) developed by Tallia et al. [11, 12]. Without the inclusion of biodegradable PCL, the SiO»-
PTHF hybrid system is a new non-degradable biomaterial with highly elastomeric and tuneable

properties. Implants for cartilage replacement require sufficient and stable mechanical properties
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over large cycle numbers. Additionally, it is necessary to achieve a gradation of properties through the
implant, as is present in the IVD, and reproduce its non-linear behaviour [13]. There is currently no
biomaterial that can fully meet these requirements. Hybrid materials have the potential to address

them.

Aim of this thesis

The aim of this thesis is the characterisation of a novel silica-poly(tetrahydrofuran) hybrid system in
order to firstly achieve tuneable mechanical properties and secondly develop a method for the
formation of mechanical property gradients. Ultimately this contributes towards the development of
a device for the mimicking and replacement of cartilage structures in the body, specifically the

intervertebral disc.
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1.1 Introduction

This review will begin with a discussion of the cartilage structures, with the aim of developing a
synthetic biomaterial that can replace cartilage. The design will be inspired by the mechanical
behaviour of cartilage and current surgical options. This will be followed by a discussion of sol-gel
hybrid materials and their potential to meet this need. The mechanical properties of hybrid
biomaterials will be considered, including the fabrication of gradients of mechanical properties within

structures or through a material.

1.2 Cartilage tissue replacement

Cartilage is made up mainly of collagen fibres, proteoglycans and up to 80% water. Its rigidity is
achieved by water penetration in the hydrophilic matrix, which causes the fibres to stretch, increasing
the modulus. The modulus can therefore vary as a function of position within the tissue, by varying
the degree to which water is taken up; this itself is controlled by the variation in the fixed charge
density of the material [14]. When compressed, water is expelled from the cartilage matrix, so high
strains of over 50% are possible [15]. As the expulsion of water upon straining results in an increase in
the relative concentration of the collagen fibrils, the effective modulus increases [16] and so

subsequent straining requires greater applied stress.

There are three main types of cartilage found in the body: hyaline, elastic and fibrocartilage, classified
by their relative quantities and arrangement of proteoglycans and collagen and elastin fibres in the
extracellular matrix. The intervertebral disc (IVD) and meniscus structures (discussed below) that will
be considered for the purpose of this thesis are made of fibrocartilage, with anisotropic properties

due to the arrangement of collagen fibrils within their structures.

Cartilage shows a viscoelastic response under compression, tension and shear, controlled by the
gradients of properties from the organisation of the chondrocytes, proteoglycans, elastin and collagen
fibres and the interstitial fluid flow through the structure. Because of this time-dependent response,
the measured mechanical properties of natural tissues are highly dependent on the strain rate used
in testing [17]. For cartilage, replication of the fluid cycle that occurs in vivo would be necessary to
mimic the physiological conditions experienced by the material. Thus it is important to consider how

tests were carried out when using mechanical test data of tissues.

In order to effectively transfer load to surrounding tissue, the mechanical properties of the scaffold or
implant should match as closely as possible those of the host tissue. An implant stiffer than the host

tissue which it is in parallel with will take all the load as they are constrained to the same extension;
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in the case of bone this stress-shielding leads to a reduction in bone density. For cartilage implants,
mismatch in mechanical properties may lead to gaps being opened at the interface during unloading,
due to shear between the native cartilage and the implant, which will lead to failure on subsequent
loading [18]. Cartilage cells (chondrocytes) require mechanical stimulation to grow and develop well,
and influence their shape and behaviour [19, 20], and this means that an implant or scaffold where
ingrowth of tissue is desired must transfer load effectively to the cells. Dynamic compression of

scaffolds, with cartilage cells cultured on them, improves the cell development [21].

The mechanical properties of implants will change over time whilst in use. Some are designed to be
‘permanent’ over an acceptable timescale for a patient (e.g. ten years), others are biodegradable over
a variety of timescales. It should be noted that reliability is extremely important: even a very small
proportion of failing implants could represent a large number of unnecessary extra surgeries and risk
for patients, and wholesale rejection of a new technology. In the case of biodegradable scaffolds, the
emphasis is on maintaining reliable strength for a relatively short period of time, while the surrounding
tissue ingrowth increases in strength [22]. The surgical procedure and handling of the implant should
also be taken into account, since there can be large stresses involved in getting an implant into place,

and surgeons are unlikely to favour handling delicate scaffolds.

1.2.1 Intervertebral disc (IVD)

IVDs separate the vertebrae of the spine and they allow the range of motion of the spine without
contact between vertebrae bones [23]. To support this motion without collapse or sustaining damage

requires strength and deformability.

An IVD can be described in three regions: the nucleus pulposus, which supports applied load via
osmotic pressure; the annulus fibrous, which experiences tensile stresses as the nucleus is
compressed; and end-plate cartilage, which connects the IVD to the vertebrae to prevent slip or
extrusion [23]. The annulus is made up of layers of cartilage containing collagen fibrils at

approximately 65° [24], surrounding the highly elastic nucleus, Figure 1.1.
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Figure 1.1: a. Human intervertebral disc sectioned perpendicular to spinal column, in which the lamellar structure can be seen,
highlighted in the inset. From anonymous cadaver donated for medical research purposes with full consent. b. Schematic IVD,
with the highly elastic nucleus shown in purple and the collage fibrils of the annulus fibrosis (blue) arranged in lamellae.

A variation in stiffness is achieved via the density and orientation of collagen fibres in the cartilage of
the annulus (as well as the effect of water expulsion from cartilage). IVDs show time-dependent
mechanical properties: stress relaxation occurs via polymeric relaxation (relative movement of fibres)
and expulsion of water from the matrix. Over the course of a day, disc height reduces by about 10%,
so the disc stiffness increases and pressure within the disc decreases [25]. The properties of the disc
are recovered due to the flow of fluid back into the disc [26]. Between individuals and regions of the
back the height of the disc can vary from 5-16 mm (with most in the range of 11-14 mm), as calculated
from CT images [27]. The same study finds the footprint area at the fourth lumbar vertebrae to be

1492 mm?.

For natural tissue and cartilage in particular, it is difficult to replicate physiological conditions in a
laboratory and challenging to measure in the body and consequently difficult to give definitive values
for mechanical properties. A study by Wilkes et al. using a pressure meter implanted directly into the
nucleus pulposus (on a single test subject) found a pressure of 0.5 MPa in a relaxed standing position
and 2.3 MPa lifting a 20 kg weight (greater than when running or climbing stairs) [28]. The modulus in
compression for the annulus fibrosis is 0.5 MPa when confined [29], however this measurement
involves achieving equilibrium in a way that is not physiological (in reality it would not be subject to a
fixed load and would not allow time for significant flow of fluid out of the material) [30]. Newell et al.
found an increase in stiffness of the human IVD with strain rate (0.001-1 s*) and with strain (4-12 %)

and highlighted the large variation between individual IVD samples [31].
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Current treatments

Current treatments for disc degeneration consist of partial removal of the IVD, which may need to be
repeated as problems of nerve compression reoccur, until the whole disc is removed. To maintain the
height between the vertebrae, spinal fusion is used, wherein a bone graft is used to fuse vertebra,
with a metallic or polymeric cage to prevent relative motion of the adjacent vertebrae. This is
illustrated schematically in Figure 1.2. However, outcomes of this surgery have not improved over
time [32] and fixation of the spine in this way may adversely affect biomechanical motion, implicated

for example in hip replacement failure [9].

Spinal
fusion

Herniated disc

(
Compressed
\ Nerve

N—

Figure 1.2: Schematic of a spine with herniated disc, which can cause pain by nerve compression and restrict
mobility, and treatment by spinal fusion.

Total Disc Replacement (TDR) alternatives to spinal fusion exist, primarily using a ball-in-socket joint
comprised of two metal plates with an ultra-high molecular weight polyethylene (UHMWPE) ball in
between. This forms an articulating joint, unlike the one it has replaced. Among these are the Charité
disk (Johnson & Johnson, USA) which had shown success over spinal fusion for specific types of spinal
problems [33] but has since ceased production, and ProDisc (Centinel Spine, previously DePuy
Synthes, USA) which when replacing IVD in cervical spine was shown to be as good as fusion at 24
months [34], with a lower rate of secondary surgeries than fusion at 7 year follow up [35]. While some
studies have indicated TDR as at least as good as fusion [35, 36], clear benefits over rehabilitation
were not seen in a randomized control trial [6] and there is evidence of the production of UHMWPE
wear debris, leading to inflammation and subsequent pain [37, 38], as well as vertebral fracture
resulting from the end-plate design [39] and progressive damage to other parts of the spine [40],

which may be attributable to the design which does not imitate the natural joint.

Other designs use a more physiological core design, for example an elastomeric polyolefin rubber core

between titanium end-plates (AcroFlex Lumbar Disc, DePuy Spine, USA; Physio-L, Nexgen Spine, USA)
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had no failure or complications at 12 months [41] but clinical trials highlighted further concerns of

wear particles, which contribute to osteolysis and make revision surgery more difficult [42].

In a more biomimetic approach, the Ranier compliant artificial disc (CAdisc) is made by reaction
injection moulding of polyurethane to create a continuously varying modulus. The elastomeric design
replicated the increase in stiffness under flexion seen in the natural disc [43], however, clinical trials
of the disc required further surgery in multiple patients and led to the closure of the Ranier company

[44].

It is possible to replace only the nucleus pulposus of an IVD using a hydrogel material, if nucleus
degeneration is the cause of the problem, for example using a hydrogel core in a woven Polyethylene
(PE) jacket [45] however, this does not achieve the aim of a replacement artificial disc. Prospective
two-component solutions combining hydrogel nucleus and annulus of a different material also
attempt to replicate the natural IVD [46], but do not form a continuous structure for TDR. A hypothesis
of this thesis is that a suitable stiffness gradient can be achieved using sol-gel hybrids. Van der Broek
et al. suggest via modelling that a multi-stiffness elastomer cannot replicate the non-linear behaviour
of the IVD (their model gives an outer stiffness of 7 MPa and inner stiffness of 0.05 MPa) whereas a

two component model could, so this non-linearity is an important aspect to consider [13].
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1.2.2 Meniscus

The knee joint contains a medial and lateral meniscus, made up of fibrocartilage and anchored in place
at their anterior and posterior horns to the tibia, Figure 1.3. The menisci of the knee act to transfer
load across the joint, carrying approximately 50% of the total load through the knee [47, 48] by the
development of hoop stresses, and to distribute the load evenly over an uneven joint surface, linked
to small displacements at the horns [49]. They also contribute to the lubrication and to the
stabilisation of the joint [50]. The mechanical function of the meniscus comes from the meniscus-
meniscal ligament construct [51] as well as its own structure, consisting of collagen fibres which are
mainly circumferentially orientated, providing tensile stiffness [52, 53] and an increased proteoglycan

content in the anterior region, leading its higher stiffness [54].

Articular cartilage

Ligaments

i
X

- " Medial meniscus
Lateral meniscus

Figure 1.3: Schematic of knee joint without patella, showing the position of the lateral
and medial meniscus (not all ligaments are shown).

This variation in composition and fibre alignment gives the meniscus an anisotropic structure, so its
measured material properties depend on the position (posterior/central/anterior, depth) and
orientation (radial/axial) of the tissue [55], as well as on the strain level and strain rate. The modulus
is low at small strains and increases with increasing load. Chia and Hull found an order of magnitude
difference in the maximum stiffness (anterior medial meniscus in axial direction) in compression
measured at equilibrium and at a physiological strain rate (32 % s), from 138 kPa to 1130 kPa at 12%
strain [56]. A similar increase was seen when measuring at the same strain rate but increasing the
strain: 41-139 kPa at 3 % strain (across all sample orientations) to 301-1130 kPa at 12 % strain, in both
cases measured at a strain rate of 32 % s [56]. The range of values is consistent with equilibrium

values measured in medial porcine meniscus of 200-270 kPa at 10 % strain [57]. The modulus in
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tension is at least an order of magnitude larger, with ranges in the circumferential direction of 58.0 —

150 MPa (medial and lateral meniscus range) [55], 43-141 MPa (medial) [58].

A summary of the compressive properties of cartilages tissues is given in Table 1.1.

Table 1.1: Mechanical property data for cartilage tissue. It should be noted that the values given are approximate ranges and
actual values depend on the exact position of the tissue, as well as varying between individuals and conditions of the test.
*Measured at 15 MPa applied compressive stress. TBovine articular cartilage.

Compressive Compressive Failure strain in
Strength (MPa) Modulus (MPa) compression
Articular cartilage 18 [59] — 43" [60] 0.1-2[61], 4*[60] 0.3" [60]
IVD 0.5-2.3[28] 0.5 [29] 0.09-0.126 [62]
Meniscus 2.1-6.32 0.33-1.05 0.03-0.12 [56]

Current treatments

Tears to the meniscus as well as to the connected ligaments are commonly treated by arthroscopic
repair using sutures and biodegradable screws with the aim of preserving the natural meniscus [63,
64]. Because the high circumferential tensile stiffness is crucial to the function of the meniscus, radial
tears prevent the development of hoop strains in the meniscus and the ability to share the load
through the knee joint [48]. Arthroscopic repair is a successful surgery: 80 % show no further issues at
18 months follow up [65], compared to earlier use of meniscectomy (total or partial removal of the
meniscus), which led to increased likelihood of onset of osteoarthritis [66, 67]. Osteoarthritic changes
are also seen after damage to the anterior cruciate ligament (ACL) [68, 69] which may be linked to the

increased load on the meniscus, increasing the incidence of meniscal tears [50].

However, the success of repair of the meniscus relies on a limited tear (below 4 cm), patients must be
aged below 40 years, and the tear must be close to vascular supply [63, 70]. Total meniscus substitutes
made from polymers Teflon (PTFE) and Dacron (Polyethylene terephthalate, PET), but damage to the
intact cartilage was observed and as well inflammation of the synovial membrane [71, 72]. Poly(vinyl
alcohol) (PVA) hydrogel meniscus replacement, with sutures running through the device for fixation,
showed improvement over meniscectomy but not over allograft with respect to [73]. Polycarbonate
urethane (PCU) implants with knots at the horns for attachment were evaluated in goats over 12

months but showed evidence of cartilage degeneration [74].

Implants with both a too high or too low stiffness can cause damage to the surrounding tissue, directly
or by causing increased loading of that tissue. The tribology of the material must prevent damage to
the intact cartilage, which relates also to the fixation of the device as displacements can increase the

friction. Thus far no successful total meniscal replacement has been developed.
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1.3 Sol-gel organic-inorganic hybrids

Natural bone is a nanocomposite material of collagen triple helical fibrils, staggered, with orientated
crystals of a calcium phosphate ceramic close in composition to hydroxyapatite. The ceramic nucleates
on the fibrils during bone growth, producing excellent resistance to shear. There is good stress
transmission between the collagen fibres and it is energy intensive for cracks to propagate
horizontally. The significant difference over a conventional synthetically engineered composite is that
the organic and inorganic components very finely integrated, producing synergy of their properties,
and they appear to behave as a single phase, something which may be achieved synthetically by the

synthesis of hybrid materials [75].

There is an important step in the path of hybrid materials to clinical use that is yet to be surmounted.
Whilst a variety of hybrid compositions have been described for use in the field of biomaterials, little
is reported of their mechanical properties. When it is mentioned, it is in general limited to uniaxial
tensile or compressive testing (and not both) to failure, which does not give a full picture of the
performance of the material in a biological application. In application, an implant will be subject to a

three-dimensional, time varying stress state in the biological environment.

The sol-gel process

Sol-gel synthesis is a bottom-up synthesis route. Nanoparticles form and polymeric reactions lead to
the formation of a gel, summarised in Equation 1.1, Equation 1.2 and Equation 1.3 [76, 77]. Tetraethyl
orthosilicate, Si(OC;Hs)s (TEQS), is the most common precursor for formation of a sol-gel silicate. It

can undergo hydrolysis and condensation, in the presence of a catalyst, to form silica nanoparticles.
Hydrolysis: Si(OR), + nH,0 — (OH),Si(OR)4_, + NROH Equation 1.1
Condensation: Si(OH), + Si(OH), —» (OH)3Si— 0 — Si(OH)5; + H,0 Equation 1.2

Si(OR), + Si(OH)4 —» (OH)3Si — 0 — Si(OR); + ROH ~ Equation 1.3

Under acidic catalysis, a sol can be cast into a mould and gelation continues in the mould along with
evaporation of the solvent. Because the sol-gel reactions are carried out at around room temperature,
transition temperature considerations do not limit the range of compositions that can be produced.
There is also the possibility of incorporating biological molecules into structures, which would be
destroyed at high synthesis temperatures. The sol can be formed into bulk material by pouring into a
mould and drying, or further processed (for example by foaming or additive manufacturing) to form

three-dimensional scaffolds.
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1.3.1 Hybrid synthesis

The sol-gel process is adapted to form hybrid materials by the addition of a polymer solution that must
be soluble in the original sol, and around which the gel network forms. To form cross-links consisting
of covalent bonds between the two networks, either the polymer must have the functionality to react
or it must be bonded to a coupling agent, such as (3-glycidyloxypropyl)trimethoxysilane (GPTMS) used
in this work, where one end of the coupling agent can bone to the polymer and the other to the silicate
network. Figure 1.4 shows a schematic of a hybrid formed in this way, with covalent linkages between
the silica nanoparticles and the polymer chains. Polymerisation, or functionalisation of a ready-made
polymer, can be carried out before addition to the sol or in situ with the sol formation, so that the
networks form around one another. The requirement for the chosen polymer to be soluble in the sol-

gel for mixing to occur may limit the hybrid compositions that can be produced in some systems.

Silica nanoparticle

- Polymer

Figure 1.4: Hybrid schematic showing silica nanoparticles and
covalent bonding to polymer component.

Using GPTMS along with TEOS, or another silicate precursor, means the degree of coupling and the
silica content can be varied independently. Forming hybrids in this way is a method of overcoming the
brittle property of bioactive ceramics, without the significant drawbacks presented by conventional
composite materials. Most composites have interfaces between a reinforcing phase and the matrix,
which have poor interfacial interactions, causing a source for stress concentration or crack
propagation, as seen in PCL-Bioglass composites [78]. The scatter in properties inherent in brittle
materials could also result in scatter in the composite material properties [79]. Other composites can
be formed by ‘self-reinforcing’, which involves die drawing of polymers containing Bioglass spheres,

so that the polymer fibres are orientated and strengthened (a process common in plastics synthesis).
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For polylactide composite samples with the same draw ratio, increasing the bioactive glass content
decreased mechanical properties (bending strength and modulus, torsion, shear and compressive

strength) [80], perhaps because of interference of the glass particles with the alignment of the fibres.

Hydrogels, hydrated polymer gels, can be used to alter their mechanical properties in a way that
mimics cartilage, e.g. by amount of water uptake and swelling, however they are generally regarded
as having poor mechanical properties compared to polymers and hybrids [81]. Moutos et al. combined
a hydrogel with a 3D woven polyglycolic acid structure to achieve mechanical properties close to those
of cartilage: tensile strength of 75-85 MPa and elongation to failure of 22-27 % [82]. Incorporation of
nanoparticles in hydrogels has been used to control mechanical properties [83], for example the
grafting of silica nanoparticles in double network hydrogel poly(2-acrylamido-2-
methylpropanesulfonic acid) / polyacrylamide (PAMPS/PAAm), using variation in the nanoparticle size
and content to control the compressive strength at 90% strain (range of 1.8-16.5 MPa at 90% strain)
and stiffness of 0.06-0.33 MPa [84]. Hybrids have the option of covalently linking the organic and

inorganic networks by joint polymerisation of the two networks [85].

1.3.2 (Classification of hybrids

Sol-gel hybrids are classified according to the bonding between the nanoscale interpenetrating
networks of the two components and on the formation of the organic polymer. Class | and Il hybrids
are formed using a polymer produced ex-situ, whereas for Class Ill and IV hybrids the polymer is
formed simultaneously with the sol-gel process. Class Il and IV hybrids additionally have covalent
bonding between the phases, as opposed to the weaker interactions (made up of Van der Waals
forces, hydrogen bonds, electrostatic forces and mechanical entrapment) between the inorganic and

organic phases of Class | and Il hybrids [10].

Formation of covalent cross-linking for Class Il and IV hybrids can be achieved using a coupling agent
which functionalises the polymer source and has alkoxysilyl groups that can participate in the sol-gel
reaction, co-condensing with the inorganic source. This control over covalent bonds can improve the
mechanical behaviour as the material is behaving as a single phase above the nanoscale [86, 87], but

also increases the complexity of processing.
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1.3.3 Characterisation of hybrids

Forming hybrids achieves intimate mixing of the networks, so the domain sizes of the organic and
inorganic components are of nanometre dimensions and they appear above the nanoscale as a single
phase [10]. Solid state 2°Si nuclear magnetic resonance (NMR) can be used to determine the
connectivity of silica tetrahedra, which gives values of the proportion of oxygen atoms in SiO4
tetrahedra (the inorganic phase) that are bonded to 1, 2, 3 and 4 silicon atoms (i.e. bridging oxygens
Si-0-Si), which can then be used to elucidate the type of crosslinking in a network [88] (described in
Section 2.2.1). The level of connectivity in three dimensions and possibly the ‘shape’ of the
connectivity (how and where the networks are connecting and interpenetrating) can affect the
mechanical behaviour of the hybrid, with increased connectivity leading to an increase in stiffness

[10].

TEM may also be used to image domains of silica and organic material; however, this relies on the
regions being larger than a few nanometres. Macon et al. used tapping mode Atomic Force
Microscopy (AFM) and nanoindentation to map the surface mechanical properties of methacrylate-
silica hybrids [89]. The Young’s modulus was measured by nanoindentation was 1.41 + 0.23 GPa and
2.53 £ 0.32 GPa for 29 and 50 wt.% silica respectively. The authors highlighted the importance of the
density of silica bridging oxygen atoms and found the reduced modulus (obtained via

nanoindentation) to be directly proportional to it.

1.3.4 Hybrid systems

For biomedical applications, the polymer component of the hybrid system must be biocompatible, as
well as any of its degradation products in the case of degradable implants. Its chemistry must allow it
to be soluble in the sol-gel reaction and to enable functionalisation for covalent coupling. Choices of
polymer for hybrid system are discussed here with emphasis on the resultant mechanical properties.
Degradable as well as non-degradable systems are considered although for comparison for use of

SiO,—PTHF as an implant material the latter are more relevant.

Hybrids made with natural polymers

Natural polymers are obvious candidates for the organic component of hybrid biomaterials since these
are, or closely resemble, those employed in the body itself. Collagen is the principal constituent of
bone and cartilage but is difficult to incorporate into the hybrid synthesis due to low solubility. Gelatin
is a collagen derivative with a more open structure allowing for chemical attack and so is soluble in

the sol-gel process (a requirement for hybridisation to work).
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Mahony et al. used TEOS as a source of silica and GPTMS coupling agent to form porous freeze dried
gelatin — silica hybrids [90]. The —COOH groups on the gelatin were hypothesised to open the epoxy
ring of the GTPMS, so that the gelatin was functionalised with siloxane groups along the chain. When
the functionalised gelatin was added to the sol, the siloxane groups hydrolysed, and the resulting Si-
OH groups underwent condensation polymerisation, as in the conventional TEOS based sol-gel
process. This was proven in subsequent NMR studies that showed —COOH to be a successful
nucleophile to open the epoxy ring of GTPMS at certain pH values [91, 92]. Increasing the coupling
increased the stiffness of the material, which is elastic (the authors suggest its suitability for
applications with high cycle number at low load). The range of compressive strengths is 20-60 kPa (for
are porous scaffolds with interconnect diameters of ~200 um) [90]. For context, this strength is two

orders of magnitude lower than those commonly experienced within an IVD.

Poologasundarampillai et al. investigated the effect of the degree of coupling, involving varying the
amount of GPTMS coupling agent present in poly(y-glutamic acid) (PGA)-silica hybrids. At first,
increasing the coupling improved the measured mechanical properties (elastic modulus, strength and
elongation to failure, all in compression) up to a plateau [93]. However, only three GPTMS contents
were investigated, so there can be less confidence in the precise trend and more in the range of

coupling agent contents that they conclude to be optimal.

Chitosan-silica hybrids can also be formed, again used GPTMS as a coupling agent [94], giving a greater
compressive strength of 20-100 MPa for monolithic samples [95], however it was difficult to prove the
bonding between the chitosan and the silica. Generally, natural polymers have the disadvantage that
it is difficult to ensure their source is consistent. Gelatin is also animal derived, which limits its market.
A hybrid formed of PGA chelated with calcium, produced a much great compressive strength of ~400
MPa with 26 % strain before failure and 1.9 GPa stiffness [96], however large monoliths could not be

produced without cracking.

Hybrids containing synthetic polymers

Using synthetics polymers gives a greater degree of control of the polymer chain length, shape and
coupling. Many are biodegradable over various timescales and already have approval for use within
the body. PVA has been tested in the form of PVA-Ca0-SiO, hybrids [97] but the PVA lacked
functionalisation which precluded covalent cross-linking. Polycaprolactone (PCL) has received a lot of
interest in the field of tissue engineering, due to its viscoelastic properties as well as its longer term

degradation period over 3-4 years [98].
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Rhee et al. used PCL-diol with 3-(triethoxysilyl)propyl isocyanate (ICPTS) coupling agent. They targeted
the -OH groups of the PCL-diol chains with the isocyanate group of the ICPTS. A change in yield
behaviour was observed as the PCL content increased (decreasing silica), with low levels of PCL (<40
wt.%) associated with typical brittle fracture. At high PCL content (80 wt.%) there was a period of
straining with no increasing in stress, which is polymeric necking behaviour. The authors also note that
it is not only the silica content that underlies the mechanical behaviour but also the processing

conditions and the individual nature of the polymer [99].

In a subsequent investigation on PCL-organosiloxane hybrids, Rhee et al. conducted tensile tests and
found a fracture strength of 18 MPa with 290% strain to failure. In this case the material did not
contain silica but retained the ability to from apatite in vitro, due to the presence of silanol and calcium
ions [100]. The authors postulated that the very high failure strain is linked to the strong siloxane
linkages in the material. A similar PCL/TEOS derived hybrid was also developed earlier by Tian et al.
[101], however in this case no attempt was made to characterise the mechanical properties of the

hybrid.

Hendrikx et al. formed a hybrid by mixing silica sol with triethoxysilane-terminated crosslinking
molecules, cured on a PCL template that was subsequently leached out, with a maximum in the
compressive strength for intermediate organic contents (20 and 30 wt.%), described as ‘tougher’
scaffolds. Comparing hybrids made with linear linking molecules and molecules with 3 or 4 linking
arms, the latter showed increased compressive strength (23 MPa compared to 18 MPa) [102]. This
points to the importance of the network connectivity in influencing the mechanical behaviour of the

material.

Methacrylate polymers can also be used for precise control of the polymerisation and thus polymer
architecture, however the hybrid stiffness is around three orders of magnitude larger than those of
IVD or meniscus. For example, SiO,-poly(MMA-co-TMSPMA) and SiO,-poly(TMSPMA) with stiffnesses
of 0.7-1.0 and 3.1 * 0.4 GPa respectively, and strengths of 27-54 MPa and 130 MPa in compression
[103, 104]. Because of the high stiffness, their research application is focussed towards bone rather

than cartilage replacement.

1.3.5 SiO,-PTHF hybrids

A silica-poly(e-caprolactone)-poly(tetrahydrofuran) hybrid (SiO,-PCL-PTHF) has been developed with
varying inorganic content for use as osteochondral scaffolds, using GPTMS as the coupling agent. The
PCL-diol was first oxidised to produce COOH-PCL-COOH. The carboxylic acid groups at each end of the

chain were targeted for reaction with the GPTMS.
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It was discovered that the THF solvent used polymerised to PTHF (also known as poly(tetramethylene
oxide), PTMO) in situ and incorporated into the hybrid along with the PCL, forming a Class IV hybrid
[11]. Bulk SiO2-PCL-PTHF hybrids had a maximum strength of 1.42 + 0.47 MPa and stiffness of 132 +
15 MPa in compression at 38.7 wt.% SiO; [12]. The same reaction can occur without the addition of

PCL, forming a non-degradable SiO,-PTHF hybrid system which will be the subject of this thesis.

Hybrids incorporating TEOS with PTHF have been developed previously, as thin films (forming Class |
hybrids) [105] and in the form of PTHF-based polyurethane oligomers, with ICPTS forming covalent
crosslinks with silica (Class Il hybrids) [106]. This means there is a mixed polymeric chain with hard and
soft (PTHF) segments [107] and therefore they were significantly different mechanically from the
hybrids used in this work. The authors found an increasing tensile strength with increased silica
content and with increased number of crosslinks, 10-39 MPa, with elongation at break between 48

and 260 % [106]: this indicates that PTHF gives highly elastomeric properties and strength.

The extensibility in tension of SiO,-CaO-PTHF hybrids was found by Miyata et al. to be strongly
dependent on the polymer content, as expected intuitively. This is also accompanied by a reduction
in the tensile strength (from 7.5 to 5.5 MPa as the PTHF content increased from 40 to 50 wt.%) [108].
The strain at failure was not dependent on CaO content in the hybrids (calcium inclusion is important
for bioactivity for bone regeneration) and compressive properties were not considered. Flexible Ta,0s-
CaO-PTHF have been prepared with stiffness 122-296 MPa and 3-24 % strain to failure measured in 3-
point bending [109].

This indicates that PTHF-silica based hybrids have the potential for mechanical properties that match
the range cartilage in the IVD and meniscus, and the novel synthesis method produces Class IV hybrids
and faster gelation [110], which also gives the potential for 3D extrusion printing. PTHF is non-
degradable (measured up to 3 months in PBS) and biocompatible after 1 month subcutaneous
implantation in rats [111, 112]. Thus, the SiO,-PTHF Class IV hybrid system merits further investigation

as a biomaterial.
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1.4 Tuneable mechanical properties and stiffness gradients

To achieve the gradation in stiffness which would mimic a natural IVD (Section 1.2.1), precisely
tuneable mechanical properties are required. This in turn requires control and understanding of the
synthesis procedure for fabricating promising hybrid materials. It is desirable to be able to match the
material properties to those of the host tissue in given application, which vary by orders of magnitude
from bone to soft tissue. In the case of an IVD, property matching allows the natural mechanics of the
spine to be maintained, and not increase damage at adjacent discs. It also helps to ensure the success

of an implant which otherwise could displace and de-bond from the host tissue.

Tuneable properties in hybrid materials can be achieved by variation in the inorganic content of the
[12] as well as control of the polymer architecture. Chung et al. found an improvement in toughness
and ductility in SiOz-poly(MMA-co-TMSPMA) hybrids using star shaped co-polymers over linear or
branched architecture, with yield stress of bulk hybrids of 26-41 MPa and stiffness of 0.6-1.1 GPa in

compression [113]. However, they did not produce a single material with a stiffness gradient.

As discussed in the case of the IVD and meniscus, many structures in the body show a graduation in
mechanical properties, as well as transitions between tissues such as bone to cartilage and ligament
to bone. In terms of tissue regeneration, interface tissue engineering is of interest to control the
differentiation of different cell types [114], for example for osteochondral regeneration [115]. The
physical architecture of pores in scaffold materials can also be used to control the mechanical
properties, for example in hydroxyapatite scaffolds achieving a variation of 0.1 to 0.78 MPa [116], and
this concept can be combined with compositional gradients to give a scaffold with zones of different

properties [117].

For bulk hydrogel materials, various techniques have been developed to give a gradient in mechanical
properties, including variation in the type of crosslinking [118], a gradient in the hydrogel precursors
[119], UV light polymerisation [120], microfluidics [121] and 3D bioprinting [122]. Physical
characteristics such as buoyancy have been employed in hydrogels and acrylate polymers to give a
stiffness gradient [123]. Of particular interest because of their applicability to the hybrid synthesis are
the generation of surface patterns in hydrogels by pre-polymerisation of one of the phases [124],
developed further to use partially polymerised hydrogels which have sufficient viscosity to prevent
their mixing [118], something which could be used with hybrid sols as the viscosity increases with
time. Using the same method, single specimens with a difference in compressive stiffness of
approximately 3 to 125 kPa between the ends [125]. The mechanical strength of the interface in
tension was checked by pulling by hand, resulting in the specimen breaking consistently in the less

stiff zone. The authors suggest the application to IVD replacement because of the promising variation
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in stiffness, although the maximum measured compressive strength of the stiffer zone is around 2.5

MPa, which is close to that measured in the disc in normal activity [28].

Control of the orientation of electrospun nanofibers has been used to form scaffolds to imitate an
individual lamella of the IVD annulus [126] and combined with a hydrogel nucleus to form a structure
with areas of different stiffness [46], but not to form a continuous structure with variation in stiffness.
This has been done as discussed in Section 1.2.1 using a variation in crosslinking density in poly
urethane [127], however only relative mechanical properties were measured, along with the chemical
variation to characterise the compositional gradient [128]. There is a need for new materials that can
produced suitable mechanical properties and have a gradient of stiffness, without flaws or interfaces

that can be sources of crack propagation or stress concentration. This is the aim of this thesis.

Monolithic samples of SiO,-PCL-PTHF system had a large range of compressive strengths: 2-74 MPa
with 33-4 % failure strain and 5-440 MPa stiffness with increasing silica content: 21 to 63 wt. % SiO,
[110]. An IVD replacement implant material must be non-degradable, so if similar mechanical
properties can be achieved with SiO,-PTHF system (without the degradable PCL component), this

could be a suitable biomaterial.

1.5 Scaffolds for device fixation

To make a scaffold, allowing for tissue integration, rather than a monolithic implant, it is necessary to
use one of a number of techniques to form a porous material: e.g. using a template, which may be
subsequently leached out or removed by heating; foaming using a surfactant; 3D printing. Porous
surfaces of an IVD implant would allow fixation to the adjacent vertebrae endplates: successful 3D
printing and chondrogenesis was achieved with SiO,-PCL-PTHF scaffolds [12], so it was investigated
whether the same fabrication method could be applied to SiO,-PTHF hybrids. Porosity is required in
order for ingrowth, blood supply and sites for cell growth, with a minimum size of 100 um generally

considered to be adequate [129], and an improvement over larger pores of around 700 um [130, 131].

Bioglass scaffolds have been developed with a range of compressive strengths: 2.3-15 MPa produced
by foaming [132-134], which can be enhanced by the production via 3D printing [135, 136]. However,
in cartilage replacement applications where scaffolds will be subject to cyclic loading under high
strains, glasses are too brittle. Conversely, hybrids formed with natural polymers have strengths in
compression that are much lower than cartilage: SiO,-chitosan scaffolds produced by freeze drying
have a failure stress 62-143 kPa (compressive stiffness 0.7-1.4 MPa) [95] and the same order of

magnitude is seen for SiO,-gelatin hybrid foams at 20-60 kPa [90].
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Robocasting of scaffolds gives better control over the structure than foaming, as the strut and channel
size are programmed in, but it also puts some limits on the composition and synthesis procedure, since
to print there is a certain viscosity required so that the material can be extruded but will not collapse
under its own weight and will maintain the printed form. In this work robocasting or 3D printing refer

to layer-by-layer extrusion printing, rather than other additive manufacturing techniques.

3D printing of hybrids has been done before using gelatin [131, 137], and the SiO,-PCL-PTHF hybrid
system [12], exploiting the gradual gelation of the sol-gel process to give a printable viscosity at a given
time range during the gelation process. SiO»-gelatin scaffolds had a compressive strength of 1 MPa
and 7 MPa stiffness with 700 um pore channel size, values which were reduced by a factor of ten after
soaking [131], and stronger than foam scaffolds of the same material [90]. Bioglass-gelatin printed

scaffolds had a compressive strength of 5 MPa with 550 um channel size [137].

SiO,-PCL-PTHF scaffolds had a lower failure strength of 1.2 + 0.2 MPa with strain to failure of 36.0 +
7.8% and 5.1-8.7 MPa stiffness, at a channel width of 200 um and with 24.7 wt.% silica content [12].
Although the compressive strength is lower, in this case a Class IV hybrid was formed, which improves
stability, with finer struts and channel size and no post-stabilisation of the scaffolds was required.
Additionally, fusion between the printed struts was achieved, which was not evident in SEM images

of Bioglass-gelatin scaffolds.

The printing of the SiO,-PCL-PTHF is the starting point for the attempt fabrication of SiO,-PTHF

scaffolds in this work.
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1.6 Thesis outline and objectives

Cartilaginous structures like the IVD and meniscus have complex forms with variation in stiffness which
allow them to fulfil their biomechanical functions. Current replacement devices do not successfully
replicate this function, whereas sol-gel hybrid materials have tuneable mechanical properties via the
variation in inorganic/organic content, giving the potential to match the varying properties through
the natural tissue structure. The aim of this thesis is to characterise a novel hybrid system of silica-
poly(tetrahydrofuran) in order to develop the tunability of its mechanical properties and the
formation of gradients in those properties, with a view to the replacement of cartilage structures in

the body. Work towards this aim was broken down into the following objectives.

The first objective is the development of synthesis protocol for SiO,-PTHF hybrids to synthesise hybrids
with a range of organic/inorganic composition. To develop a system of tuneable mechanical properties
requires understanding of (1) the hybrid structure and (2) the connection between the starting

reagents and the final mechanical properties. This is set out in Chapter 3.

The second objective addressed in Chapter 4 is the formation of single hybrid specimens with
gradients in stiffness, by joining partially gelled sols before gelation is completed. The multicomponent
gels were optimised though investigating: (1) variation of the joining time of hybrids of different
composition; (2) tensile and compressive testing; and finally (3) using optical techniques to map the

strain distribution around the join interfaces.

The third and final objective, Chapter 5, was the development of an IVD implant device with 3D printed
surfaces for fixation via (1) successful 3D extrusion printing of one hybrid composition; (2) moulding
to a simplified human IVD shape and dimensions and (3) compression testing in comparison with
human IVDs. Concurrent to this was the objective of moulding a hybrid meniscus implant which shared

the same steps in mould development and testing.
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Chapter 2

Characterisation Techniques
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2.1 Introduction

An overview of the techniques used to characterise the hybrid material is given here, comprising the
chemical characterisation by a combination of techniques, imaging and mechanical characterisation.
Machines, setting and software are specified. The details of individual experimental parameters and

set up are given in the methods section of the relevant chapter.

2.2 Characterisation of structure and composition

2.2.1 Nuclear Magnetic Resonance (NMR) spectroscopy

Nuclear Magnetic Resonance (NMR) spectroscopy uses the response of atoms in a changing magnetic
field to determine their environment within a molecule. NMR relies on the nuclear magnetic moment
of atoms with an odd number of protons/neutrons. When nuclei are held in a strong external magnetic
field, a pulse of radio waves of different frequencies can cause the nuclei to flip their spin state
between parallel and anti-parallel alignment with the external magnetic field. The difference in energy
between these two spin states corresponds to a specific resonance frequency of the nuclei (Larmor
frequency), the signal of which decays over time on return to the equilibrium spin state. The resonance
frequency depends on the nucleus itself and the structure and bonding of the molecule: two nuclei

bonded together shield each other because of the local magnetic field produced by their electrons.

Using a radio wave pulse containing a range of frequencies (covering the whole range of possible
Larmor frequencies) produces a time domain signal of the combination of all the resonances, which

when Fourier transformed produces the frequency domain NMR spectrum.

Solution state NMR

Solution state NMR gives narrow resonances due to the “tumbling” of molecules in the liquid state,
which means the magnetic field at the nucleus is constantly changing and so most interactions are
averaged out. NMR spectroscopy of hydrogen (*H atoms) was used to confirm the formation of PTHF
and the opening of the GPTMS epoxide ring, which together indicate the formation of a polymer
network. H! NMR was carried out in CDCls solvent at 400 MHz. Samples of GPTMS/THF solution were
taken for NMR during the synthesis, just before the addition of the TEOS solution, to confirm the

formation of PTHF.

In this work, solution state *H-NMR was performed with 400 MHz Bruker spectrometer and TopSpin
software, over a range of chemical shifts of 0-12 ppm. Samples were prepared for 'H NMR by

dissolution in approximately 500 pl of deuterated chloroform (CDCls) in a borosilicate glass NMR tube.
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MestReNova software was used for analysis of spectra. All references in this thesis to *H NMR can be

assumed to refer to the solution state.

Solid state NMR

Solid state NMR spectra are broader than those in solution state, and in the case of 2°Si analysed here,
required cross-polarisation to increase the observed signal because of the low abundance of the °Si
isotope. All solid-state NMR measurements were carried out at Warwick University with Dr. Joshua
Clark and Prof. John Hanna. #Si solid-state NMR was carried out in single pulse magic angle spinning
(MAS) and cross polarisation (CPMAS) using 7.0 T Varian/Chemagnetics InfinityPlus spectrometer with
a Larmor frequency of 69.62 MHz, using a Bruker 7 mm HX probe and MAS at 5 kHz. CPMAS gives
information on the chemical shift, and MAS gives quantitative information on the relative abundance
of the species termed Q" = Si(O-Si)n(OH)s.n and T" = C-Si(O-Si)n(OH)3-n. The order n is thus the number
of bridging oxygen bonds (Si-O-Si) that are connected to the central Si atom. The relative abundance
of 2Si species with different number of bridging oxygens connected can be used to calculate the

degree of condensation (D) of the silica network, according to Equation 2.1 [138].

Degree of condensation, D,

40Q* + 303 + 20?2 373+ 2T%+ T!
=<Q Q Q]+[ Dxloo%

Equation 2.1
4 3
Solid state measurements were required because it was not possible to find a solvent for the

inorganic-organic hybrid material, which were instead prepared by machining of a bulk sample. Solid-

state NMR measurements were used to confirm the formation of a hybrid material.

2.2.2 FTIR

When infrared radiation passes through a sample, some will be transmitted and some will be absorbed
by covalent bonds at their resonant frequencies, when the frequency of the radiation matches the
frequency of the specific bond vibrations. This results in a spectrum of absorption (or its inverse, the
transmission) that is characteristic of a given compound. To absorb infrared radiation, a change in the
dipole moment of a covalent bond must occur, so a symmetrical diatomic molecule will not be IR
active. All vibrations are made up of 6 normal modes of vibration: asymmetric and symmetric
stretching, wagging, twisting, rocking, scissoring; the number and type of active modes depends on

the individual molecule.
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Fourier Transform Infrared Spectroscopy (FTIR) means that instead of using a frequency scan, multiple
beams with range of wavelengths are used and is subsequently processed by Fourier transform to give

the range of absorption at each individual wavelength.

FTIR can be used in Attenuated Total Reflectance (ATR) mode, which means that the IR beam produces
an evanescent wave inside a crystal (by a process of total internal reflection), and the sample is directly
in contact with this crystal. The evanescent wave extends into the sample at a depth of 0.5-2 um [139].

This allows solid and liquid samples to be analysed in this form without further preparation.

A Thermo Scientific Nicolet iS10 FTIR equipped with Smart Golden Gate for Single-Reflection Diamond
ATR Analysis with OMNIC software was used. 64 scans were done at a resolution of 4 LP/mm to
produce spectra between 4000 and 400 cm™. Bulk samples and liquid were analysed in their original
form as solid pieces and liquid respectively, whereas scaffolds and heat-treated samples were ground
with a pestle and mortar. The technique is non-destructive, and the crystal is around 0.5 mm length

so small volumes of sample are required.

FTIR gives information on the structure of hybrid materials, namely the polymer formation and the
condensed silica network, and on the progressive change in composition with change in ratio of
starting reagents, by normalising to the highest peak. It is used in combination with other techniques

of NMR and DSC/TGA to characterise the hybrid structure.

2.2.3 Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA)
Thermogravimetric analysis (TGA) is the measurement of mass change as a function of temperature.
The sample is heated at a constant rate in a crucible under controlled atmosphere, on a precise

balance. Mass loss is measured when a volatile component is lost, by evaporation or burning out.

In Differential Scanning Calorimetry (DSC) the heat flow required to heat the sample at a constant rate
is measured with respect to a reference. Reactions which may not result in a mass change can be

detected by DSC, for example polymer crystallisation, as well as degradation.

Here simultaneous DSC/TGA was carried out on Netzsch Jupiter STA 449C with Proteus software.
Hybrid samples were prepared for analysis after drying and storage at 40°C by fine cutting with a razor
blade for bulk samples or grinding in a pestle and mortar for scaffold samples. 10-15 mg of hybrid was
added to a platinum crucible, then DSC/TGA was conducted to 800°C at 10°C min™. Over this
temperature range, the organic part of the hybrid is burnt out leaving the silica intact. The total mass
lost is the organic component of the hybrid and the quoted silica weight percentage for a given hybrid

sample is equal to the total percentage mass lost subtracted from 100%.
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2.3 Imaging

2.3.1 Electron Microscopy

Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) use the interaction
with the material of scattered and transmitted electrons respectively. SEM provides surface
morphological information, in this work using the secondary electrons from the low-energy electrons
excited at the sample surface by the primary electron beam. Secondary Electron Imaging (SEl) is
sensitive to the topography of the surface, as these electrons arises from close to the surface of the

sample. This was used herein to image the fracture surface of the hybrid material.

A JEOL 6010 LV SEM was used at 20 kV in SEI mode, with a working distance of 14-20 mm. Samples
were prepared for SEM by mounting on aluminium stubs with carbon tape followed by coating with
10 nm of chromium (Q150T sputter coated, Quorum Technologies, UK) to prevent charging of the

sample.

In TEM, the primary electron beam passes through the sample and the transmitted electrons are
imaged, giving through-thickness information on the sample. The higher resolution of TEM was used

to investigate the homogeneity of the hybrid at the nanoscale.

Samples were prepared for TEM by Precision lon Polishing System (Gatan Inc., Pleaston, USA) for 10
hours at 2 keV, on a copper grid. Characterisation of the morphology and elemental composition was
done via TEM and STEM-EDS with a TEM/STEM at 200 kV (JEM-2100F, JEOL, Japan) equipped with an
EDS detector (X-Max detector STEM-EDS, Oxford Instruments, UK) by Dr Oriol Gavalda Diaz.

2.3.2 X-ray micro-computer tomography (Micro-CT)

Micro-CT uses x-ray scans at progressive angles over 360° to build up a 3D picture of an object. The
object is rotated on its central axis while the x-ray source and scanner are fixed. X-rays passing through
the object are partially absorbed (some transmitted directly through the specimen) and differentially
absorbed (different parts of the object absorb differently to give contrast). The scans taken at each

angle are then reconstructed to form a 3D image of the object.

This is a non-destructive technique (although in some cases high doses of radiation may change the
material) and gives microscale resolution. Because the sample does not need to be treated or
sectioned for imaging, in situ testing like compression can be conducted. This can be combined with
Digital Volume Correlation (Section 2.4.4) to map the 3D strain inside an object. This technique was
employed to image multiphase hybrids under load, to correlate with the 2D strain measured at the

surface.
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In this thesis, a micro-CT scanner (Versa 510, Zeiss, Germany) was used at the Natural History Museum
(London, UK) in collaboration with Brett Clark and Jeff Clark. Under all conditions the instrument was
set up with a voltage of 70 kV and a current of 86 pA. An exposure time of 6 s was applied for each
projection. The isotropic effective pixel size was 7.7 um and the resolution of the detector was 2048 x

2048. No filter was applied to the source.

2.4 Mechanical characterisation

2.4.1 Uniaxial compression and tension

Force was applied to a sample along a single axis, in tension or compression, and the dimensions of
the sample were used to measure the conventional stress and strain (also referred to as nominal or
engineering values) by Equation 2.2 and Equation 2.3 respectively. In this thesis all mechanical tests

were run in displacement control.

applied force (F) Equation 2.2
nominal crosssectional area (A)

Conventional stress, o, =

displacement (Al) Equation 2.3

inital length (1)

Conventional strain, e, =

In order to take account of the increase in cross-sectional area with increased applied force in
compression, and decrease in tension, the true strain and stress can be calculated according to
Equation 2.4 and Equation 2.5 respectively [140]. Note that these equations use the sign convention
of positive tensile stress and strain and negative compressive stress and strain. The true stress and
strain are used herein, except when optical measurements for compressive samples indicated that the
nominal strain should be used (Section 3.3.4), as the assumptions of the equations (constant volume

and homogeneous stress state) are no longer valid when the samples barrel in compression.

True strain,e* = In (1+e) Equation 2.4

True stress,c” = (1 + ¢;) Equation 2.5
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A Zwick/Roell testing machine with 10 kN load cell was used for compression testing to failure and
cyclic compression on bulk cylindrical samples of approximate dimensions 15 mm height by 10 mm

diameter (measured prior to testing). Samples were ground to flat before testing.

Tensile testing was conducted on a Bose Electroforce Series Il testing machine with a 450 N load cell.
Samples for tensile testing were cut with a razor blade to the dimensions shown in Figure 2.1, with
thickness 0.5-2 mm (measured for each samples). 10 mm length on each end was covered in tape to

protect from tearing in the grips and prevent slipping at the grips.

— 25 mm —

7 % 10{11m

45 mm ——

Figure 2.1: Schematic tensile test specimen. Hatched area is
covered in tape and inside the grips.

2.4.2 Dynamic Mechanical Analysis

To characterise the viscoelastic properties of the hybrid materials, Dynamic Mechanical Analysis
(DMA) was used in tension and compression over a range of frequencies and strains. Considering an
applied sinusoidal displacement to the sample, the force required to produce this displacement is
measured, which will have a phase lag when the sample has a viscoelastic response. That is, some
energy is lost rather than the material behaving elastically (with no phase lag). This is illustrated

schematically in Figure 2.2.

A complex modulus is defined from DMA analysis comprising the in-phase elastic component, termed
the storage modulus (E’), and the 90° out of phase viscous component, termed the loss modulus (E”).
These are defined according to Equation 2.6 and Equation 2.7, where o, and &, are the amplitude of

the stress and strain sine waves respectively, and 6 is the phase lag in the stress response.

o
Storage Modulus,E' = S—Ocos(6)

0 Equation 2.6

0o
n_ ~9
Loss Modulus,E'" = £ sin(6) Equation 2.7
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— Applied sine wave
Viscoelastic response

Figure 2.2: Schematic showing the applied stress/strain sine wave with the viscoelastic
stress/strain response at phase lag = 8. For elastic materials, § = 0, and the applied strain will
be in phase with the resultant stress.

The ratio between the loss and storage moduli measures the damping of the material and is calculated

by Equation 2.8.

12

Equation 2.8
Loss tangent, tan(6) = i

When the value of tan 6 is small, the material is behaving elastically (over the strain range
investigated), and in this case the storage modulus can be considered as a measure of the stiffness of

the material.

In this work, DMA was conducted in uniaxial compression and tension in displacement control, using
a Bose Electroforce Series lll testing machine with 450 N load cell. Relevant strain ranges and
frequencies are quoted when used. Compression samples were cylinders of approximate dimension
10 mm height x 5 mm diameter (measured prior to testing). Tensile DMA samples were the same as

those used in uniaxial tensile tests to failure.
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2.4.3 Digital Image Correlation (DIC)

Digital Image Correlation (DIC) is an optical technique to measure displacements and strain by tracking
a speckle pattern on the surface of a sample. A facet (square box) is used on the surface within which
the initial pattern at zero load is recognised by the software, which then correlates it with the loaded
pattern to determine the relative movement of the facet. This is done between each photo as the load
increases. Each facet contains a unique pattern which allows a good correlation between the unloaded
and loaded state, producing one displacement vector per facet. For accurate measurements to be
taken, the facet size as well as the pattern size and the overlap of the facets must be optimised.
Reducing the size of facets increasing the spatial resolution of the technique, as the vector in a smaller
areais considered. However, this also increases the error in the measurement, as there is an increased

likelihood of mistaken correlation of the pattern.

DIC was used in this thesis as an optical measure of the strain around interfaces in hybrid samples,
where mechanical characterisation was not straightforward. An ink pattern was drawn by hand on the
surface of the hybrid to create a speckle pattern for correlation between images. A Canon 750D
camera with EF-S 60 mm macro lens and 34 mm extension tubes was used, to further increase the
magnification. The exposure time was 1/60 s, aperture f / 5.6 and 1SO 800. The camera was set up on
a tripod and protected by a screen from the testing rig. Photos were taken every 2 seconds during
compression tests and testing was paused every 1 mm of displacement in order to briefly refocus the
camera. This is because the barrelling of samples in compression leads them to gradually go out of
focus which affects the tracking of the pattern. Photos were post-processed using ImagelJ [141] to crop
and stack images. Then, GOM Correlate 2018 software was used to produce maps of the principal

strain [11] and the settings optimised as set out in Section 4.3.5.
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2.4.4 Digital Volume Correlation (DVC)

Digital Volume Correlation (DVC) can be considered as a 3D extension of DIC. In this case, the facet is
a box or subvolume, which also overlap in three dimensions. As with DIC, the position of the
transformed subvolume is found by correlating the pattern within it (contrast in voxels, which are 3D
pixels) with that of the initial untransformed subvolume. Then a displacement vector can be drawn

between the initial and transformed volumes as shown in Figure 2.3, following [142].

Figure 2.3: DVC schematic of vector (pink arrow) between 3D volumes, v the initial
volume and v’ the transformed state. The transformed volume is found by correlation
of the pattern with that of the initial volume.

In this thesis, DVC was used with Micro-CT imaging to create a strain map in loaded two-phase hybrid
samples. In order to create a pattern for tracking, microwave opaque zirconia particles were

incorporated into the hybrids. The optimisation and use of DVC are set out in Chapter 5.
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Chapter 3

Tuneable SiO2-PTHF hybrids
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3.1 Introduction

Hybrid biomaterials offer the possibility of tuneable mechanical properties. They are made up of
nanoscale and interpenetrating co-networks of organic and inorganic components [10], the relative
amounts of the which can be altered to produce hybrid materials with a range of compressive and
tensile strength and stiffness. Silica-poly(tetrahydrofuran), SiO,-PTHF, is a novel Class IV hybrid
system, where the organic component, PTHF, is formed in situ and bonded covalently to the nanoscale
silica. Silica is formed via the sol-gel method and the organic polymer is added during the
polymerisation, which continues in tandem with the co-condensation of the covalent cross linker with

the silica precursor.

This hybrid system is based on previous work by Tallia et al. [11, 12], who developed the silica-poly(e-
caprolactone)-poly(tetrahydrofuran) hybrid, SiO,-PCL-PTHF. In addition to producing a Class IV hybrid
with unique mechanical properties, they found that the in situ cationic ring opening polymerisation

reaction could occur without the inclusion of the biodegradable component, PCL.

Here the aim was to investigate the SiO,-PTHF hybrid system as a non-degradable biomaterial with
highly elastomeric and tuneable properties. Tuning is achieved via variation in the inorganic/organic
composition of the hybrid allowing its mechanical behaviour to be matched the surrounding tissue in

implant applications.

The objective of this chapter is to characterise the hybrid structure and synthesis along with its
mechanical behaviour, understanding the relationship between the inorganic/organic composition
and that behaviour. SiO,-PTHF hybrids with a range of silica contents were obtained: from 3 wt.% SiO,
to 45 wt.% SiO,, limited by their ability to dry without shattering. The mechanical behaviour of the
hybrid material was measured over this composition range. Hybrids were also tested in cyclic loading,
over large cycle numbers, and after soaking in a simulated body environment to understand the
potential for the use of these hybrids as cartilage replacement implant materials. As a first step to the
assessment of the biocompatibility of this hybrid system, the cytotoxicity and cell attachment to
hybrid surfaces were assessed. The results of this chapter form the basis for continuing the work to

develop multiphase hybrid structures, 3D printing and eventual device development.
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3.2 Methods

3.2.1 Synthesis

Materials

All materials were obtained from Sigma Aldrich (Dorset, UK) and used as obtained without further
purification. The chemical structures of reagents used in hybrid synthesis are shown in Figure 3.1. All
pots for synthesis were made from perfluroalkoxy (PFA, VWR, UK), and moulds from

polytetrafluoroethylene (PTFE, Cowie Technology, Corby, UK).

a.

HsC CHs
OCH,
o o/ |
Si/ H3C0—8i_\/\
\ | o
9o 0/ OCH,
H3C CH3

N S

0

f E HaC/\T/\CHa

o) BF;

Figure 3.1: Chemical structures of reagents used in synthesis, a. Tetraethylorthosilicate (TEOS), b. (3-
Glycidyloxypropyl)trimethoxysilane (GPTMS), c. Tetrahydrofuran (THF) and d. Boron trifluoride
diethyl etherate (BF3-O(C;Hs),).

Synthesis protocol

SiO,-PTHF hybrids were prepared by a two-pot synthesis, following the method outlined by Tallia et
al. without the addition of poly(e-caprolactone) [11, 12]. Molar ratios and typical synthesis quantities
are shown in Table 3.1.

Table 3.1: Example synthesis quantities where x refers to the moles of TEOS and a refers to the moles of GPTMS, the ratio
of which controls the inorganic/organic ratio (in this case x/a=2.5). The total hybrid sol volume is 92 mL before drying.

. Typical
Reagent Molar ratio .
quantity (mL)
GPTMS a 2.21
BF3'O(C2H5)2 0.25a 0.31
THF 100a 81.11
TEOS x=2.5a 5.58
H.0 3a + 4x 2.34
HCl (1 M)  (1/3 volume of H,0) 0.78
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The inorganic precursor solution was prepared by hydrolysis of TEOS in deionised water with 1 M
hydrochloric acid catalyst (1:3 vol. %). The amount of water was calculated to give a stoichiometric
ratio of 4:1 with TEOS and 3:1 with GPTMS. The hydrolysis was carried out in a sealed beaker stirring
at 400 rpm for 1.5 hours, during which time the solution went from phase separation to a
homogeneous clear solution and water condensation could be observed on the underneath of the lid.

Ageing this solution alone at 40°C would result in solid sol-gel silica glass.

Separately, THF was mixed with GPTMS at 400 rpm with a molar ratio THF:GPTMS of 100:1 in a PFA
round bottom flask with plug to prevent significant THF evaporation. The cationic ring opening
polymerisation (CROP) of THF monomer was initiated by the addition of boron trifluoride diethyl
etherate catalyst with molar ratio BF3-O(C;Hs), 1:4 GPTMS, for which the proposed mechanism is
discussed in Section 3.3.1. Evidence of the polymerisation was visible after 6-7 minutes: the viscosity
and temperature of the solution increased, and bubbles were visible in the solution. The
polymerisation was confirmed with *H NMR as discussed in Section 3.3.1. After the polymerisation
was underway, 7 minutes after BF;-:O(C;Hs), addition, the solution was poured into a beaker and
stirred at 400 rpm whilst the hydrolysed TEOS solution was added dropwise. Droplets of TEOS solution
are immiscible when first added so it is important that this is done slowly to ensure proper mixing of
the solutions. The resultant hybrid sol was further mixed for a minimum of 10 minutes and then left
to stand without stirring for 10 minutes to allow any bubbles to travel to the surface. A schematic of

the reaction protocol is shown in Figure 3.2.

This solution was added to PTFE moulds by pouring (for discs) or via Pasteur pipettes (for cylinders).
Moulds of diameter 150 mm were filled to approximately 2 mm depth to form hybrid discs. Moulds
of 5 and 10 mm were filled to 10 and 15 mm height respectively to form cylindrical hybrid samples.
Moulds were sealed using layers of aluminium foil (discs) or in poly(methyl pentene) (PMP) pots
(cylinders) and were then placed in an oven at 40°C where they remained sealed for 3 days. This is an
ageing time during which the polymerisation continued and the THF was prevented from evaporating:
at 3 days the hybrid had gelled but retained its original volume. After this time, the pots were opened
gradually over a period of 1 week to prevent sudden evaporation of THF, and then the samples were

allowed to dry in open moulds for a further week, still at 40°C.
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Figure 3.2: The hydrolysed TEOS (pot A) is added dropwise to the solution undergoing cationic
ring polymerisation (pot B), forming a hybrid sol which gels gradually over time.

A range of hybrid compositions were prepared, controlled by the ratio of moles of TEOS (x) to the
moles of GPTMS (a) and denoted using this TEOS/GPTMS ratio (x/a) as Si(x/a)-PTHF, from SiO-PTHF
with no addition of TEOS to Si20-PTHF with a TEOS/GPTMS ratio of 20 (Table 3.2). The final silica
contents that resulted ranged from 4-45 wt.% of which an intermediated range were characterised.
Beyond Si20-PTHF the resulting hybrid of greater than 45 wt.% SiO, was extremely glassy and often

shattered on drying, so this work discusses only hybrids with higher polymer content than this.
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Table 3.2: List of hybrids synthesised as denoted by their TEOS/GPTMS ratio

TEOS/

Sample code

GPTMS
0 Si0-PTHF
1 Si1-PTHF
1.75 Sil.75-PTHF
2.5 Si2.5-PTHF
3.75 Si3.75-PTHF
5 Si5-PTHF
7.5 Si7.5-PTHF
10 Si10-PTHF
20 Si20-PTHF

The synthesis can have a high level of variability with identical starting reagents producing hybrids of
differing composition and properties. The theoretical final silica content cannot be calculated because
of lack of knowledge of the molar mass of the PTHF formed in situ. This is discussed further with solid

state NMR in Section 3.3.3 and when 3D printing (Chapter 5).

Removal of bubbles

Bubbles remaining in the solution can become trapped once the hybrid is added to closed moulds. In
the case of open moulds the bubbles can often escape or travel to the surface but this can still be a
problem for making intact samples for mechanical testing. The viscosity of the solution at the point of
addition to the moulds should be low enough that letting the solution rest without stirring before
adding to mould is sufficient to allow the bubbles to travel to the surface and be removed. However,
in the case of closed moulds it is necessary to hit the base of the mould to force out the bubbles, and

to ultrasound (camSonixc1800T, Camlab, Cambridge, UK) for five minutes.

3.2.2 Mould development

In order to assess the effect of mould roughness and composition on the shrinkage and final surface
roughness of the hybrid samples, three PTFE moulds in the shape of discs of 50 mm diameter were
produced with different roughness and two hybrid compositions of Si2.5-PTHF and Si10-PTHF were

tested. The roughness of all moulds is set out in the results in Section 3.3.2.

Shrinkage factor
The ratio of the dimensions of the mould to the dimensions of the resulting hybrid sample was used

to evaluate a shrinkage factor, in each dimension. The relationship between the composition and
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shrinkage factor was assessed alongside the roughness using Si2.5-PTHF and Si10-PTHF as described

below.

Mould roughness

Final roughness of the hybrid sample depends on the roughness of the mould except the free surface,
which has very low surface roughness, varying slightly according to the silica content. The material
used to make moulds is restricted however, as the solution will bind with glass and THF is corrosive to
metals and many plastics, so only PTFE and PFA were used. PTFE moulds were manufactured by Cowie
Technology (Corby, UK) or by computer numerical control (CNC) drilling of block PTFE supplied by the

same company.

To investigate the relationship between the roughness of the mould and that of the hybrid, two PTFE
discs were polished using a metallographic grinder with 600 and 4000 grit sandpaper respectively, and
a third disc was left with the machine lathe marks from the manufacturer. In each case, the roughness
only refers to the bottom surface and the sides of each had the same roughness. The surface
roughness was measured with a profilometer (Taylor Hobson). The same hybrid solution was added

in equal volume to each of these moulds, and the final dimensions of the hybrid discs were measured.

In order to produce moulds with a lower surface roughness, PTFE moulds were produced by CNC,
designed using Solid Works (resolution tolerance = 0.5 degrees and deviation of 0.007 mm) and
manufactured with a path interval of 0.01 mm. A closed rectangular mould was produced with
different surface roughness and dimensions to investigate the effect of roughness on the shrinkage in

different dimensions within a closed mould.

To further decrease the roughness from this point, it was necessary to melt PFA between the top and
bottom of a glass petri dish at 320°C for 7 hours in air to create a flat-bottomed PFA mould, diameter
100 mm, with a roughness below 100 nm. Subsequent work showed in tribological testing that SiO»-
PCL-PTHF hybrids produced on these PFA moulds did not damage cartilage, when the hybrids were

tested against living bovine cartilage as a counter surface (unpublished work, Dr Maria Parkes).

3.2.3 Characterisation of the hybrid structure

To understand the nature of the hybrid network, several characterisation techniques were combined.
Firstly, 'H NMR was used during the synthesis to confirm the polymerisation of the THF. Samples were
taken before and after the addition of BF3-O (C;Hs), (but before the addition of hydrolysed TEOS) and

diluted in deuterated chloroform (CDCls) with settings described in Section 2.2.1.
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To quantify the relative quantities of THF and PTHF present, 1,3,5-Trioxane was added to the reaction
mixture at a calculated concentration of 0.6 mg mL™. Aliquots of 100 uL were taken at 5 minute
intervals from time zero at which the BF3-O(C;Hs), was added until the gelation had progressed to
make the solution too viscous. These were diluted in 600 pL of CDCl; for analysis by *H NMR.
MestReNova software was used to calculate the area of peaks of THF and PTHF (labelled in Section
3.3.1) relative to the area of the Trioxane peak, used as a measure of the relative quantities of each

[143].

After synthesis of the hybrids, FTIR was used to compare the relative absorption from bonds from the
inorganic and organic parts of the hybrids over a wide composition range of samples. TGA was used
to determine the polymer weight percentage, corresponding the to the percentage mass loss on

heating to 800°C, since is not directly quantifiable from the initial synthesis quantities.

TEM was used to investigate the homogeneity of the hybrid at the nanoscale. A thin sample of Si2.5-
PTHF hybrid (0.1 mm) was cast and dried as for bulk samples and prepared for imaging as set out in

Section 2.3.1.

Solid state NMR
Solid state NMR was carried out by Dr Josh Clark and Professor John Hanna at University of Warwick.

Samples were synthesised by MEng student Enric Juan Alcocer.

Samples of Sil0-PTHF and Sil15-PTHF, which had the same final hybrid silica content, despite the
different initial ratio TEOS/GPTMS of 10 and 15 respectively, were analysed to see if any differences
in the structure could be detected. The hybrids were prepared by machining with a lathe to required
diameter. The relative contribution of Q* and Q% Q3 where Q" = Si(O-Si)a(OH)s.n and T2, T> where T" =
C-Si(O-Si)n(OH)s.n species indicated the degree of condensation of the silica network (Equation 2.1)

formed from the combined contributions of GPTMS (T") and TEOS (Q") as described in Section 2.2.1.

3.2.4 Mechanical characterisation

Uniaxial compression testing and cyclic compression testing were carried out on cylindrical samples
of height x diameter = 15 x 10 mm with a minimum aspect ratio of 1 following [110]. The exact
dimensions of each sample were measured prior to testing. A Zwick machine was used fitted with 1
kN load cell in displacement control at a rate of 1 mm min?. The average of 5 valid repeats was

calculated and plotted with error bars of the standard deviation.
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Cyclic testing was conducted on the same machine with a strain rate range of 1-150 mm min! for
samples of Si5-PTHF composition. 90 mm min™ was chosen as an estimated physiological strain rate

[56]. Cycle lengths were from 100 to 10000 cycles as specified.

Uniaxial tensile testing to failure was carried out according to ASTM D1708-13 [144] on samples of
length x width x thickness = 45 x 10 x 0.5-2 mm (measured for each sample) with 25 mm exposed
length, using Bose Electroforce Series Ill machine fitted with 450 N load cell, in displacement control
at a rate of 1 mm min. The average of 5 valid repeats was calculated and plotted with error bars of
the standard deviation. Samples failing at grips were excluded. Stress relaxation was carried out on
samples of the same dimension to 50% &siure at 3 mm min™ and held for 1 hour. DMA was conducted
in tension on samples of the same dimension, of composition Sil, 2.5, 5-PTHF at 4 points per decade

0.01-10 Hz (16 frequencies in total) over engineering strain range &c = 5-10%.

DMA was conducted in compression using Bose Electroforce Series Ill machine fitted with 450 N load
cell on cylinders of height x diameter 10 x 5 mm, of composition Si2.5, Si5, Si7.5-PTHF at 4 points per
decade 0.01-10 Hz (16 frequencies in total) over three engineering strain ranges: . = 2-5, 5-10 and 10-

15%.

SEM was used to image the fracture surfaces at a range of compositions.

3.2.5 Behaviour in wet environment

Characterisation was repeated after varying soaking times (2 hours to 1.5 years) in phosphate-
buffered saline (PBS), at 37°C and 120 rpm stirring to provide a first approximation to the body
environment including the presence of salts. FTIR and TGA were conducted to check for any change
in the chemical properties or mass loss respectively. Cyclic testing was used to assess the progressive
change in properties over time, at 90 mm min? to 100 cycles for Si5-PTHF composition. DMA in
compression was used to compare the change in stiffness for lower (Si2.5-PTHF) and higher (Si7.5-
PTHF) silica content samples. Compression testing to failure was conducted after 1 month soaking on
Si1, 1.75, 2.5, 3.75, 10-PTHF. The same settings were used as for dry testing and samples were tested

immediately upon removal from solution, with excess liquid removed from the surface.

3.2.6 Cell studies

All cell studies and analyses were conducted by Dr Silvia Ferreira, Faculty of Medicine, Imperial College

London.
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Sterilisation

Gamma irradiation was carried out by Christoph Salzelechner, Centre for Craniofacial and
Regenerative Biology, King’s College London. The first attempt at sterilisation was at 25 kGy (minimum
dose), then at 50 and 100 kGy. DMA was used to assess any change in properties with gamma
irradiation as it is more reliable for a limited sample number than tensile testing. DMA was conducted
in tension at 4 points per decade 0.01-10 Hz (16 frequencies in total) over three engineering strain
ranges: € = 2-5, 5-10 and 10-15%. Three samples were tested per strain range and irradiation
condition: 0 and 25 kGy for the first experiment and 25, 50 and 100 kGy for the second experiment.
The average and standard deviation between three repeat samples is plotted. First assessment of the
effectiveness of the sterilisation was carried out by storage in cell culture medium with media change
every 2 days and observation of changes to the media. After this initial assessment, cell studies for

attachment and cytotoxicity were conducted.

Cytotoxicity

Cytotoxicity was assessed following ISO 10993-5 (Tests for in vitro cytotoxicity) [145] in conjunction
with 1ISO 10993-12 (Sample preparation and reference materials) [146] on the biological evaluation of
medical devices. Extracts were prepared from strips of sample: 24 hybrids strips with 0.25 cm? exposed
area each were placed in 2 mL fresh serum Dulbecco’s modified Eagle medium (DMEM, Sigma, UK),
to give a concentration of 3 cm? mL?, at 37°C for 72 hours in a falcon tube placed on a roller-shaker.

Samples used were not gamma irradiated and instead washed three times in DI water prior to testing.

Extractable solutions were prepared in an identical manner for the positive and negative controls.
High density polyethylene film was used as negative control (non-cytotoxic) and polyurethane film
containing 0.1% zinc diethyldithiocarbamate (ZDEC) was used as positive control as it shows a
reproducible cytotoxic response. Non-sterilized strips of 2 x 15 mm, 0.5 mm thickness were used as

supplied by Hatano Research Institure, Food and Drug Safety Centre, Japan.

Extractable solutions were filtered at 0.2 um in a non-pyrogenic, sterile, surfactant-free cellulose
acetate filter (Cat. No. 431219, Corning, UK) to sterilise and prepared into a dilution series of 25, 50,
75 and 100% by further dilution in DMEM, then supplemented with 10% (v/v) Foetal Bovine Serum
(FBS), 1% (v/v) Antibiotic Antimycotic (ABAM) and 1% (v/v) L-glutamine.

Mouse chondrogenic cell line ATDC5 were seeded on 96-well tissue culture plates with 1 x 10* cells
per well and allowed to attach overnight. Cells were treated with 100 uL of extractable per well (n=7
wells per treatment condition) and incubated for 24 h, after which an MTT cytotoxicity assay was

performed. This is a colorimetric assay that assess the metabolic activity of cells using absorbance, via
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the conversion of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to formazan by
enzymes produced by the cells. Media was removed from cells and replaced with MTT in serum-free
DMEM at a concentration of 1 mg mL? (50 uL per well). After 2 h of incubation, the solution was
removed and 100 uL of isopropanol was added to dissolve the formazan derivatives. After shaking for
15 minutes at room temperature, the absorbance of the solution was measured on a Spark Multimode
Microplate Reader (Tecan, Switzerland) at a wavelength of 570 nm. The proportion of viable cells was
calculated according to Equation 3.1, where A is the absorbance, blank refers to the cell media alone

and control to the negative (non-cytotoxic) control.

Asample — Aplank Equation 3.1

x 100

Viable cells (%) = y — Apann
contro an

Materials pass ISO 10993-5 tests if the cell viability is above 70% following exposure to the extract
media. The ISO standard allows for use of a variety of cell lines (to give a homogenous response as
opposed to the heterogeneous behaviour of primary cells). Mouse chondrogenic cell line was chosen
as a first test when considering the application of the material in attachment to cartilaginous end-

plates that connect the vertebrae of the spine to the intervertebral discs.

Cell culture on hybrid discs

In a 2D cell attachment experiment, mouse chondrogenic cell line ATDC5 were seeded on hybrid
samples in the shape of squares cut from discs to determine the attachment of cells and their
behaviour on the hybrid surface. Cells were seeded at two different cell densities to determine the

optimum cell density.

Hybrid squares of approximately 5 x 5 x 2.5 mm were stored in DI water for one month and
subsequently sterilized in water at 100 kGy. Each sample was washed in fresh serum-free DMEM
supplemented with 1% (v/v) ABAM for 30 minutes, then centrifuged at 2000 rpm for 2 minutes on 48-
well cell suspension plates (Greiner Bio-One), to leave the samples flat at the bottom of the well and
remove air bubbles. ATDC5 cells were seeded onto each hybrid sample in a concentrated cell
suspension (60 L per sample) at two different cell densities: 1 x 10* cells cm, 2500 cells per sample
(Low density, n =5) and 5 x 10* cells cm™ = 12500 cells per sample (High density, n = 5). Cells attached
to the scaffolds within 2.5 hours when incubated in humidified atmosphere at 37°C, 5% CO; and 21%
0,. Then, 1 mL of fresh cell culture medium was added to each well to submerge the sample. Medium

was exchanged every other day for 14 days.
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Cell viability was evaluated using RealTime-Glo MT Cell Viability Assay (Promega, UK) following the
manufacturer’s instructions on day 1, 3, 7, 14. Luminescence was measured on a Spark Multimode

Microplate Reader (Tecan, Switzerland).

Immunohistochemistry staining and confocal microscopy

After 10 days in culture, cell-seeded samples were fixed with 4% paraformaldehyde for 20 minutes at
room temperature and then permeabilized with 0.1% (v/v) Triton-X 100 in PBS (PBT) for 10 min and
blocked for 1 h with 10% (v/v) horse serum in 0.15% (w/v) glycine and 0.2% (w/v) bovine serum
albumin (Sigma, UK) in PBT. Samples were then incubated overnight at 4°C with 1:400 in PBT primary
antibody Rat IgG2a monoclonal anti-tubulin [YOL1/34] (Cat. N°. ab6161, Abcam). After 3 washes in
phosphate buffered saline, cell-seeded samples were incubated in the darkness for 1 h at room
temperature with 1:300 Alexa Fluor® 568 goat anti-rat (Cat. N°. ab175476, Abcam). Negative controls

(omission of the primary antibody with the presence of secondary antibodies) were performed.

Other cell-seeded samples were stained for 1 h at room temperature in darkness with 1:100
Phalloidin-TRITC (Cat. N°. P1951, Sigma UK). After washing with PBS, nuclei were counterstained with
10 ug/mL Hoechst 33342, trihydrochloride, trihydrate (ThermoFisher Scientific) for 15 min. After
washing, stained samples were transferred to a sterile, hydrophobic and uncoated u-Slide 8-Well (Cat.
No. 80821, Ibidi) and imaged in a Leica SP8 inverted confocal laser scanning microscope. Detector
gains were set to be constant between samples to facilitate comparison. Z-series with 0.5 um Z-
spacing were obtained using sequential acquisition and Kalman filter mode, with a 20x dry objective
and numerical aperture of 0.75 and 2048 x 2048 pixel size. Images for tubulin and actin were max

projections of 30 Z-slices of 0.5 um obtained using Image J.

Statistical analyses

Metabolic activity is shown as bar graphs expressing average and standard deviation. Statistical
analyses were carried out using a non-parametric Kruskal-Wallis test followed by Dunn's multiple
comparison test for multiple comparisons. Statistical analyses were carried out using GraphPad Prism

version 7 for Windows (GraphPad Software, USA).
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3.3 Results and discussion

3.3.1 Synthesis

Polymerisation mechanism

The synthesis procedure set out in Section 3.2.1 is timed to give enough time for the TEOS to hydrolyse
before a fast polymerisation occurs and then the separate reactions are combined. The beginning of
the polymerisation, after addition of BF3;-O(C;Hs), catalyst, causes a gradual gelation. The viscosity of
the solution was observed to increase, accompanied by formation of bubbles and release of heat.
Samples were removed for 'H NMR before and 7 minutes after the addition of the catalyst. The peaks
arising from the hydrogens on the GPTMS epoxide ring carbons (labelled 5 and 6 on Figure 3.3a and
highlighted in the blue region on Figure 3.3b disappeared, indicating the opening of the epoxide ring.
Meanwhile, peaks arising from PTHF appeared at a chemical shift just below the THF peaks (6 = 1.85,

3.76 ppm tabulated values [147]), which are still present.
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Figure 3.3: 'H NMR of a. GPTMS-THF solution before the addition of BF3-O(C,Hs), catalyst, showing the positions of the
hydrogen atoms on carbons 1-6 of GPTMS from which the correspondingly labelled peaks arise, and b. below, the same
spectrum before the addition of BF3-O(C;Hs), and above, 7 minutes after the addition of BF3-O(C;Hs),. The blue highlighted
region relates to the hydrogens on the carbons of the epoxide ring, which is opened during the polymerisation and thus the
peaks disappear. Peaks arising from the formation of PTHF (pink triangles) appear at a lower chemical shift than the THF peaks
(green upside-down triangles). The peaks at 6 = 2.17 and 1.25 ppm may arise from acetone and ethanol respectively, used to
clean labware and at 2.6 ppm from presence of water.
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The proposed mechanism for the ring opening polymerisation (CROP) is shown in Figure 3.4 and
outlined in the patent application relating to this material [11]. Evidence for this synthesis mechanism
comes firstly from the doctoral thesis of Dr. Francesca Tallia on the SiO,-PCL-PTHF hybrid system [110],
finding that the reaction cannot occur without the presence of THF or GPTMS and observing the
opening of the epoxide ring of GPTMS and formation of PTHF in 'H NMR. Here, this mechanism is
confirmed for the SiO,-PTHF system by the combination of evidence from *H NMR and Si solid-state

NMR and FTIR spectroscopy, discussed in Section 3.3.3.
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Figure 3.4: Proposed mechanism for the polymerisation of THF on to a growing chain with one molecule of GPTMS at the end.
The epoxide ring is activated by the BF3- O(C;Hs), Lewis acid in the first step, then the intermediate compound formed undergoes
nucleophilic attack from the oxygen in the THF monomer. This is the initiation of ring opening polymerisation (CROP) which

continues in chain elongation steps.
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In the polymerisation mechanism, GPTMS acts as the initiator, catalysed by BFs;-O(C;Hs),. Without
GPTMS, the reaction will not occur. The epoxide ring of GPTMS is activated by the Lewis acid
BF3-O(C3Hs),, producing an intermediary compound which is then subject to nucleophilic attack by the

THF monomer.

The product of this is also susceptible to attack by another monomer of THF, so the Cationic Ring-
Opening Polymerisation (CROP) is initiated. Propagation occurs whereby the chains elongate by the
addition of further cyclic THF monomers. CROP is a living polymerisation without an inbuilt
termination mechanism, and as such will continue until there is no further THF to react or there is
another molecule present that causes termination. In the SiO,-PCL-PTHF system, OH groups on PCL
could act to terminate the reaction [110]. In this case, since the reaction is not carried out in anhydrous

and airless conditions, a water molecule could act as a terminator.

Usually, a living polymerisation will produce polymers with similar chain lengths, i.e. a dispersity, D,
close to 1 [148]. However, it has so far not been possible to measure this directly for example using
gel permeation chromatography, GPC, as no chain terminator has been found to freeze the reaction
(phenolate was not successful). It is not possible to dissolve the final hybrid in a suitable solvent for

GPC because of the inorganic part of the hybrid which is covalently bonded to the polymer.

Therefore, understanding of the structure of the hybrid comes from consideration of a combination
of techniques: *H NMR, FTIR and solid state NMR. A schematic representation of the SiO,-PTHF
structure, with covalently connected co-networks of silica nanoparticles and PTHF, is shown in Figure

3.5.
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Figure 3.5: Schematic of the structure of SiO,-PTHF hybrids. The Si-O bonds originating from GPTMS are shown in pink, joined
to the covalent crosslinks between the silica nanoparticles (with dimensions of a few nanometres diameter) and the polymer
chains. The lengths of the polymer chains and the connectivity between the inorganic and organic components are unknown
and shown as an example. There may be non-covalent interactions between the polymer chains. The TEM image inset shows
the homogeneity of the hybrid at the nanoscale for Si2.5-PTHF.

Control of synthesis parameters

THF is in excess in the reaction, at a molar ratio of 100:1 with GPTMS. This arises from the original use
of THF as a solvent for PCL in SiO»-PCL-PTHF hybrid system after which the unexpected polymerisation
of THF was discovered [110]. Here, the 100:1 ratio was experimentally determined to allow gradual

polymerisation.

Samples were placed in an oven at 40 °C after synthesis and sealed for the first 3 days, to prevent the
evaporation of THF whilst the polymerisation was ongoing. After 3 days, the samples were opened
gradually and the THF began to evaporate, causing the samples to shrink by around one third (this can
also depend on the geometry of the mould used, Section 3.3.2). The boiling point of THF is 66°C but
40°C was enough to fully evaporate the excess THF, as evidenced by the lack of solvent peak in the
TGA mass loss curve. THF is very volatile so evaporated over the drying period of two weeks, even

below its boiling point.
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As a result of this loss of THF, the final inorganic/organic ratio of the hybrid produced was not equal
to that theoretically calculated from the molar ratio of the reagents. A typical TGA curve used to
calculate the mass loss, corresponding to the organic content of the hybrid, is shown in Figure 3.6a.
Figure 3.6b plots the initial molar ratio against the final silica content, determined by TGA, for the full
range of compositions synthesised, where the data was available (averages were not taken as there
were multiple syntheses for some compositions and few or one for others) having been collected for
other purposes. There was a linear trend between the variables but there is also a large range of final

compositions produced by identical starting molar ratios (total volume of the reaction varied).
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Figure 3.6: a. Typical TGA/DSC curve for Si1l0-PTHF, showing the calculation of the polymer content as the mass loss. The final
silica content is 100 — 76.8 = 23.2 wt.% SiO,. b. Relationship between the starting ratio of the reagents, namely between the
silica source TEOS and the GPTMS which controls the proportion of PTHF formed, and the final measured silica content of the
hybrid produced. Two syntheses with the same initial reagent quantities can produce hybrids with different final silica contents.
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It was hypothesised that the observed variation in final inorganic/organic ratio produced from
identical synthesis conditions could be the result of differing THF evaporation during the synthesis due
to different temperatures. However, no correlation was found between different synthesis
temperatures (17-25°C corresponding to the variation in laboratory temperature) and the final
inorganic/organic ratio. There could also be an effect of variation in the amount of THF evaporation
during the 3 day ageing period, since the sealing of the hybrids was not airtight. Measuring the silica
content at 2 mm intervals through a cylinder indicates that there is a small decrease in the
inorganic/organic ratio from the bottom of the mould to the top of around 1 wt.% SiO,, illustrated in
Figure 3.7. Since the top surface is exposed, it is unexpected that the silica content decreased closer
to the top of the mould, but this indicates that the sealing was good enough to prevent uneven THF

evaporation.
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Figure 3.7: An example of Si2.5-PTHF cylindrical sample and SiO; content, which
was determined by cutting 2 mm sections that were individually tested by TGA.
The cylinder is pictured in same orientation as it was in the mould, so there is a
small difference 1 wt.% SiO, from top to bottom.

Experimentally, it was found that a small change in the ‘interval time’ — the time period between
addition of BF;-O(C;Hs), and the subsequent addition of the hydrolysed TEOS solution to the ongoing
polymerisation — had a significant effect on the time taken for the solution to reach a given viscosity.
In other words, the addition of the hydrolysed TEOS has the effect of partially quenching the reaction.
This is because OH groups can terminate the reaction, for example OH groups in PCL [110]. This effect
is more pronounced the lower the TEOS:GPTMS ratio, since a lower amount of hydrolysed TEOS will
be added. If the TEOS was added after 5-6 minutes, the solution stayed at the same viscosity for many

hours without gelling. Whereas, when the TEOS was added after an interval time of 10 minutes, the
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polymer solution was already viscous with significant amounts of bubbles, and the addition of the
TEOS did not stop the ongoing gelation. To make bulk hybrid samples, the solution should be bubble
free so an intermediate interval time of 7 minutes was chosen, having been optimised for Si2.5-PTHF
composition. This correlates with an estimation of the conversion from THF to PTHF in Figure 3.8,

comparing the area of NMR peaks relative to 1,3,5-trioxane at fixed concentration.

It was hypothesised that changing the interval time may alter the structure or lengths of the polymer
chains or silica condensation, and this was investigated with solid state NMR (Section 3.3.3) and was

tailored for 3D printing (Chapter 5).
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Figure 3.8: Relative proportion of THF/PTHF with time after the addition of the
BF3: O(CHs), catalyst, as calculated from *H NMR samples using trioxane peak as
reference. After 22 minutes the solution became too gelled to analyse via liquid
state NMR as it does not dissolve well.

3.3.2 Mould development

Roughness and shrinkage were assessed alongside each other for each mould, using Si2.5-PTHF
hybrids in each case and additionally Si10-PTHF for the disc moulds described below. Moulds were
developed based on the approximation of the shrinkage and then sample dimensions measured to
calculate the shrinkage factor in each dimension. This was used in Chapter 5 for moulds with complex
shapes, where the uneven evaporation or constraint at certain points meant that the shrinkage factor

was not the same in each dimension.
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Mould roughness

The correlation between the roughness of the mould and that of the hybrid sample produced for three
PTFE discs (with three different surface roughness values) is shown in Figure 3.9. The roughness of the
hybrid was always less than that of the surface it was cast on, possibly because the gel did not
penetrate fully into the troughs of the surface. The Si10-PTHF had, in all cases, lower surface roughness
than the Si2.5-PTHF which was consistent with the roughness of the free surface: when silica content
increased, roughness decreased, which is expected as the material becomes glassier. The shrinkage
factor was independent of the mould roughness for the range of roughness values tested here,
although it should be noted that only the bottom surface roughness was varied, with the mould edge
having a constant roughness. Varying this may alter the shrinkage if the hybrid gel sticks to the edges

of the mould. The average shrinkage factor for Si10-PTHF was 0.77 compared to 0.73 for Si2.5-PTHF.
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Figure 3.9: Hybrid roughness (arithmetic average, Ra) and shrinkage factor as a
function of the roughness of the mould bottom surface for two hybrid compositions of
Si2.5-PTHF and Si10-PTHF.
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Rectangular mould
A Si2.5-PTHF hybrid was cast in a closed rectangular mould, drilled by CNC from a block of PTFE, with
the mould and sample roughness tabulated (Table 3.3). As for the discs of different roughness, the

shrinkage factor did not change with roughness.

Table 3.3: Average roughness and dimensions of Si2.5-PTHF hybrid sample in rectangular PTFE mould.

Ra (nm), £ 20
Shrinkage

Surface Mould Hybrid Difference (%) Dimension factor

b a 400 250 -38 Length 0.62
b 700 480 -31 Width 0.63
C
c 330 320 -5 Height 0.59

PFA moulds were produced with an average roughness of 125 + 27 nm but these were not used as it
was only possible to produce flat disc moulds, rather than complex closed 3D moulds, using the

method of melting PFA.

3.3.3 Characterisation of the hybrid

Inorganic/organic composition

Due to the role of THF as a ‘solvent’ and monomer in the reaction, the inorganic/organic ratio is not
theoretically determined by the starting molar ratio of reactants. The description of THF as the solvent
is more relevant to the original discovery of this reaction by Tallia et al. [11, 12], in which the THF was
intended to be the solvent for the hybridisation of PCL with GPTMS, but in fact unexpectedly
underwent the CROP described in Section 3.3.1. Since for sample series there was a linear relationship
between the starting molar ratio TEOS:GPTMS and the final inorganic content, the TEOS to GPTMS
molar ratio format is chosen for naming samples for clarity, except when discussing mechanical
properties as a function of silica content (Section 3.3.4). The relationship between the two for the

samples tested in tension and compression is set out in Table 3.4 for reference.
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Table 3.4: Silica content and sample codes of hybrid samples used for mechanical testing.

TEOS/ Measured
Sample code .
GPTMS wt. % SiO,
0 SiO-PTHF 3.6
1 Si1-PTHF 5.8
1.75 Sil.75-PTHF 9.5
2.5 Si2.5-PTHF 12.7
3.75 Si3.75-PTHF 18.3
5 Si5-PTHF 19.1
7.5 Si7.5-PTHF 24.6
10 Si10-PTHF 32.0
20 Si20-PTHF 44.4

For each synthesis, the final organic content was determined as the total mass lost in the TGA cycle
from room temperature to 800°C, at a heating rate of 10°C min™* (Figure 3.10). For compositions with
higher silica content (Si5,10,20-PTHF), the peak in burn out was sharper, as can be seen in both the
mass loss curves (Figure 3.10a) and the DSC trace (Figure 3.10b). The burnout occurs over a
temperature range and the peak indicates the temperature at which burn out is fastest. For a narrow
distribution in polymer chain lengths, it would be expected to see a narrower peak as they burn out

concurrently.

There is a non-zero inorganic content of the Si0O-PTHF composition, which has no addition of

hydrolysed TEQS, due to the contribution of the inorganic part of the GPTMS to the silica content.
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Figure 3.10: a. TGA analysis of eight Si-PTHF compositions, showing the mass % with temperature. The mass loss was sharper at
lower polymer content. b. DSC for four different Si-PTHF compositions. At low polymer content the DSC peak was sharp as the
burn out happens at one time, with high polymer contents the trace is messier as the polymer burns out more unevenly. Fewer
compositions are shown for clarity.
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Evidence for the ongoing nature of the polymerisation comes from the difference in the final
inorganic/organic ratio with different drying conditions. For the disc and cylinder, no difference was
seen because in both cases the samples are well sealed, either in layers of foil or in screw top PMP
pots (Figure 3.11). Whereas, the rapid drying of the 200 um diameter hybrid struts (printed scaffolds,
Chapter 5) led to a higher final silica content, as more THF evaporates rather than the gelation

continuing.
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Figure 3.11: TGA of samples of the same composition with different drying conditions: disc
and cylinder have the same silica content.
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Hybrid structure
FTIR for hybrid discs made from eight different hybrid compositions (Si0O-PTHF to Si20-PTHF) is shown
in Figure 3.12. Spectra were normalised to the highest band, namely the Si-O-Si asymmetric stretch

and overlapping Si-O-C, C-O-C stretches at 1100-1000 cm™ [149, 150].
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Figure 3.12: FTIR spectra of eight SiO,-PTHF hybrid discs with varying silica content, normalised to the highest
peak at around 1100 cm-L. Spectra are overlaid to highlight the change with composition.

A relative increase in the absorption of the Si-O-Si symmetric vibration (around 800 cm™) and of the
Si-OH stretch at around 950 cm™ was seen as the TEOS:GPTMS ratio increased (Figure 3.13a, going
from Si0 to Si20-PTHF). There was also a shift to lower wavenumber of the band with highest relative
intensity, as the contribution of Si-O-C peaks increased relative to Si-O-Si. The increase in the
absorption of the broad O-H stretch centred at 3200 cm™ is attributable to silanol (Si-OH) groups
[151]. Any adsorbed water would also contribute to this band but would also show H-O-H bending
vibration at around 1640 cm™, and water mass loss below 100°C in the TGA, neither of which are

observed.
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Correspondingly, a decrease in the relative amount of the organic bands H-C-H at 2800-3000 cm was

seen over the same composition range, as the polymer content decreased (Figure 3.13b, going from

Si0 to Si20-PTHF).
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Figure 3.13: Expanded sections of FTIR of eight hybrid compositions all normalised to the Si-O-Si peaks at around 1100 cm-,
to highlight the change in intensity in the direction of the arrows shown when the silica content of the hybrid is increased. In
a. the v(CH,) bands decrease with increased wt. % SiO; and in b. there is a corresponding relative increase in the height of the

v(Si-OH) and v,(Si-O-Si). The absorptions for v(Si-O-C) and vas(Si-O-Si) overlap so the trend here cannot be seen without
deconvolution of the spectra.

Si0-PTHF contains only the silica from the GPTMS, with no additional TEOS and so can be compared
directly with commercial PTHF (average M, = 2000 g mol?, Sigma Aldrich UK) and GPTMS (Figure 3.14).
The symmetric and asymmetric epoxide ring stretches in the GPTMS at 915-800 cm™ were not present
in spectrum for the SiO-PTHF hybrid. It can also be noted that there is no absorption related to the
boron trifluoride in the catalyst at 1500 cm™ [152]. However, it is not possible to see the v(C-O-C)

formation or if the GPTMS is hydrolysed as the C-O-C, Si-O-C and Si-O-Si bands overlap.

—— GPTMS —— PTHF (commerical) Si0-PTHF

M IS M
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Figure 3.14: FTIR spectra of GPTMS, commercial PTHF and SiO-PTHF. Symmetric and

asymmetric deformation of the epoxide ring is evidenced between 915-800 cm (arrow)
which is not visible in SiO-PTHF sample.
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Solid state NMR

Two samples with different initial TEOS/GPTMS ratios (Si10-PTHF and Si15PTHF) but the same final
hybrid silica content (32 wt.% SiO, and 31 wt.% SiO, respectively) were analysed by 2°Si solid state
NMR. The aim of comparing these two compositions was to try to indirectly understand the structure
of the hybrid. This was because it was noticed that seemingly identical syntheses produced samples
with different properties; or conversely, that syntheses with different initial TEOS:GPTMS ratios

resulted in samples with the same silica contents.

The chemical shifts of Si(O-Si)n(OH)a.n (Q") and C-Si(O-Si)n(OH)s-n (T") species are tabulated in Table 3.5,
following [89] for both samples, and shown with peaks labelled in Figure 3.15. These peaks arise from
the TEOS and GPTMS silica sources respectively. The only noticeable difference in the results between
the two samples is in the relative amount of Q? species, possibly indicating that the TEOS is more
condensed in the Si10-PTHF sample with the higher than expected silica content.

Table 3.5: Chemical shifts (6) and percentage abundance (1) of C-Si(O-Si)n(OH)s.n (T") and Si(O-Si)a(OH)4.n (Q") silicon species

determined from CPMAS data in conjunction with quantitative information from decoupled single pulse experiments (v, =5
kHz) for Si10-PTHF and Si15-PTHF.

Sample wt. % T? T Q? Q3 Q*
code SiO;  &[ppm] [I[%] &lppm] 1[%] 6[ppm] [[%] &[ppm] [I[%] &[ppm] I[%]
Sil0-PTHF 32 -58.5 1.7 -66.1 6.5 -93.1 0.9 -102.4 30.1 -111.3 59.9
Si15-PTHF 31 -58.4 2.4 -65.6 2.5 -92.4 6 -102.2 295 -111.2 59.7

The degree of condensation, D, as calculated by Equation 2.1, was very close for the two samples:
90.6 % for Si1l0-PTHF and 88.9% for Si15-PTHF, which makes sense since they differ by only 1% in the
measured SiO, content and the D¢ is due to the silicate. This D is also consistent with other hybrid
materials prepared via the sol-gel method using GPTMS as a coupling agent [95, 153]. There was a
slight difference in the relative amounts of T2 and T2 species, with the Si10-PTHF, which had a higher
than expected silica content, having more T3 units. This could indicate that the crosslinks from the
GPTMS were more condensed into the silica network for Si10-PTHF, which also led to the higher than

expected silica content.

Previous work by Dr Francesca Tallia indicated that changing the silica content in the hybrid system
SiO,-PCL-PTHF did not alter the chemical shifts of Q" and T" species, therefore the in situ
polymerisation does not affect the sol-gel condensation to siloxane bonds [110], which is assumed to

hold true in this system without the addition of PCL.
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Figure 3.15: Solid state 2°Si MAS NMR for Si10-PTHF (32 wt.% SiO,, above) and Si15-PTHF (31 wt.% SiO,
below). Q" = Si(0-Si)n(OH)a-n (Q") and T" = C-Si(O-Si)n(OH)3-n
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3.3.4 Mechanical behaviour

Cylindrical hybrid samples of the compositions set out in Table 3.4 were tested in uniaxial compression
without constraint and cyclically in compression. Rectangular samples of a subset of these
compositions (with lower silica content) were tested in uniaxial tension and stress relaxation was
measured for one composition. DMA was conducted in tension on the same samples and in

compression on smaller cylindrical samples, for a subset of compositions.

Compression testing

The stress-strain curves were non-linear and j-shaped, showing an increase in the gradient of the
tangent to the curve with increased strain. The hybrid samples can undergo large strains and recover
when the applied force is removed. True stress and strain (o*, €*) are calculated to take into account
the changes in cross-sectional area according to Equations 2.4 and 2.5. During the compression, the
samples barrelled, therefore the cross-sectional area of the samples changed significantly. This
invalidates the constant volume assumptions of these equations In order to determine the best
method of stress and strain calculation, values were measured directly from photographs using
Image), labelled as o and € in Figure 3.16. A plot of true stress (c”) with engineering strain (€.) shows
the best agreement with the direct measured stress and strain, so these were chosen for calculation

of the mechanical properties of samples.

- 0o,¢
G.,¢

[

G,¢&
G .,¢&

* e

o (MPa)
8

o
N
o

|

1.0 1.2 1.4 1.6

c?

Figure 3.16: Comparing the engineering values of stress and strain (o, €c) with the true values
of stress and strain (0%, €*) and the values measured optically from a series of photos (o, €),
suggests that the most accurate values to use are the true stress with the engineering strain
(0, £c). Sample composition: Si5-PTHF, inset shows the barrelling effect that occurred.
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There was a large variation in the true stress at failure and stiffness with composition, from a highly
elastomeric material, cylinders of which could be compressed between two fingers, to glassy materials
that shattered at failure. It is this variation in the properties that gives the possibility of tuning the

material to match desired property requirements.

Figure 3.17a shows the compressive strength increased as silica content increased, up to a limit after
32 wt.% SiO,. The highest silica content samples had a large degree of variability, which could be due
to the higher dependence on the presence of flaws in the material when it is glassier. Strain to failure
reduced with increasing inorganic content, Figure 3.17b, with even samples of 44.4 wt.% SiO;
undergoing 13 % strain before failure. Figure 3.17¢ shows the stiffness measured as the tangent to the
curve at 10% strain (with lower portion shown again in Figure 3.17d) which varies from 2-240 MPa

with increasing silica content.
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Figure 3.17: Mechanical properties in compression of hybrid cylinders as a function of silicate content a. The ¢* at
failure and at an engineering strain, g. = 10%, b. €. at failure, c. modulus at . = 10%, calculated as the tangent to the
curve at this point, and d. example stress-strain curve during loading and unloading over 10 cycles, for 18 wt.% SiO.
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Considering the practical use of the material, large deformations may result in displacement of the
device from implantation site, therefore the stress at 10% strain (purple line on Figure 3.17a) could be
used for comparison between samples that deform by more than 10% without showing a yield point,
following [154]. This varies from 0.35 + 0.01 MPa at 5.8 wt.% SiO, to 6.6 £ 1.0 MPa at 32.0 wt.% SiO,.
The pressure in the IVD was found to vary 0.5-2.3 MPa for varying degrees of activity, so a sample with
below about 15 wt.% SiO, would experience significant deformation (>10%) under normal activity [28],

which is not desirable.

Observing the fracture mode of the samples with high polymer content, the barrelling effect led to
splitting at the outer surface parallel to the applied force. For high silica content samples which do not
deform as much, the sample cracks. Fracture surfaces show characteristics of brittle fracture like

mirror-hackle in Figure 3.18 [155].

Figure 3.18: Typical fracture surfaces for Si1.75, 5, 10, 20 —PTHF (L-R). Scale bar = 50 um. -

The hybrids are not linear elastic, so it is not possible to calculate the elastic modulus, except as the
tangent to the curve at a specific stress or strain, therefore DMA was used to measure the storage
modulus, representing the energy stored elastically. Figure 3.19 shows the DMA in compression for
three hybrid compositions, Si2.5, 5, 7.5-PTHF, and three strain ranges: &. = 2-5, 5-10, 10-15%. The
storage modulus increased with increasing strain (consistent with the shape of the stress strain curve
in Figure 3.16) and for the Si.5-PTHF composition, the increase with frequency was also evident. The
loss modulus was an order of magnitude smaller in all cases and tan § < 0.12, so the hybrids can be
considered to behave elastically at the chosen strains, with E’ appropriate as a measure of the
stiffness. Comparing E’ values with Eiqy (Figure 3.17c,d), for Si7.5-PTHF (24.6 wt.% SiO,) E1o% Was 44 +
2 MPa, which was higher than E’ at € = 10-15% (34 + 2 MPa at 10 Hz); for Si2.5-PTHF (11.0 wt.% SiO5)
E10% was 2.2 £ 0.3 MPa, which is similar to E’ at € = 10-15%. This is higher than some measures of the
stiffness of the IVD annulus (0.56 MPa) [29] and of the range of stiffness used for multi-stiffness
elastomer IVD designs (0.05-7 MPa) [13], suggesting that the material is too stiff even at low silica
contents. However, this is measured at 10% strain, and the material shows a non-linear stress-strain

curve with lower initial gradient, reflective of the stress-strain behaviour of the natural disc [31].
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Figure 3.19: DMA in compression for three hybrid compositions: Si2.5, Si5, Si7.5-PTHF, a. Storage modulus and
b. Loss modulus. The storage and loss moduli increase with increasing silica content and increased strain range,
and for the stiffer sample Si7.5-PTHF there is also an increase in the storage modulus with frequency.
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Cyclic compression

Cyclic testing was carried out as it was not possible to conduct a fatigue test (at a range of loads up to
a maximum of 10 million cycles). To compensate for the low cycle number the displacement was
chosen to give the maximum strain at 20% of the original height, and in this case 90 mm min
represented a strain rate approximately 20% s, an estimated physiological strain rate calculated
following the method in [56]. A range of strain rates were tested from 1-150 mm min? on hybrid
composition Si5-PTHF, and the material did not show a different response at increased strain rates
(Figure 3.20). The strain rate dependence is also investigated in Chapter 5 in comparison with human
IVDs. Therefore, subsequent tests to a maximum of 10* cycles were conducted at 90 mm min’, and
no change was observed in the mechanical response or damage to the samples over this cycle number.

However for implant testing, coupled movement must also be considered rather than uniaxial

compression [42].
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Figure 3.20: Cyclic compression on Si5-PTHF (22.3 wt.% SiO,) at four different strain
rates: 1, 60, 90, 150 mm min-1. The first 40 cycles of 10* are shown.
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Tensile testing

In tension, the true stress and strain (o°, €') were used because in tension the true strain is less than
the engineering strain, taking account of the reduction in cross sectional area as the material strains.
The true stress, ¢, at failure in tension, as calculated by Equation 2.5, increased with increasing silica
content in the hybrid, from 1.1 £ 0.1 MPa at 6.3 wt. % SiO, to 13 £ 2 MPa at 19.1 wt. % SiO,, Figure
3.21a.

Higher silica content compositions than this were more prone to cracking when cut and slipped in the
grips due to the smoother surface finish. Over the same range of compositions, the true strain at
failure did not show the trend that might be predicted (a decrease in strain to failure with increasing
silica content), perhaps because of the limit in the tensile strength at very low silica contents. Similarly,
the modulus Eio defined as the tangent to the curve at €” = 10% shows the hybrid becoming less stiff

at 10% strain between 6.3 and 9.5 wt.% SiO,, then gradually stiffer to Eipx =9 + 2 MPa at 19.1 wt.%
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Figure 3.21: a. True stress at failure in tension, showing an increase with increasing silica content. b. True strain at failure
in tension with silica content. c. Stiffness in tension as defined as the tangent to the curve at true strain = 10%. d. Example
of 13 wt.% SiO, sample stress-strain curve with true stress and strain in comparison with engineering stress and strain,
which does not account for the change in cross-sectional area.
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SiO; (Figure 3.21c). Engineering stress and strain calculations match the true stress and strain at lower
strains (up to 10%) and then give an underestimate of the stress and overestimate of the strain. True

stress and strain values were chosen for calculation of the values at failure.

E’ and E” were measured by DMA in tension for three lower compositions, set out in Figure 3.22. As
in compression, the loss modulus was small (tan & < 0.08), so the hybrid behaved elastically in this
strain range. The values of storage modulus match the tangent to the curve at 10% strain: E1o%, = 8.0 +
0.4 MPa was consistent with E’ = 8.1 £ 0.3 MPa (at € = 5-10%, 1Hz) for 18.3 wt.% SiO,; E10% = 2.7 £ 0.2
MPa was consistent with E’ = 2.6 £ 0.1 MPa (at € = 5-10%, 10Hz) for 6.3 wt.% SiO..
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Figure 3.22: Storage and loss moduli of three hybrid compositions: Sil, Si2.5, Si5-PTHF at € =5-10% in tension.
Table gives the relevant silica content for each sample tested here and Eig% measured from the stress-strain
curve, which is consistent with the measured storage modulus for Sil-PTHF and Si5-PTHF.
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Stress relaxation in tension

Stress relaxation measures the mechanical stability of the material. It was measured for one low silica
content composition (6 wt. % SiO;) and shows a fast initial relaxation (8.5 + 0.9 % in the first minute),
followed by a slower relaxation over the following hour, Figure 3.23. The total stress loss in this time
was 14.6 = 2.1 %, behaving like hybrids of higher silica content in the SiO,-PCL-PTHF system (24.7 wt.%
SiO; lost 15.3 + 1.7 % stress after 1 hour) [12]. The samples are viscoelastic rather than viscoplastic as

evidenced by the recovery of the strain in compressive loading and unloading curves (Figure 3.17d).
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Figure 3.23: Stress relaxation in tension over one hour for Si2.5-PTHF. The initial strain is 50%

of g at failure. Inset shows the average and standard deviation percentage stress loss after 5
seconds, 5 minutes, 30 minutes and 1 hour from five repeats.
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Mass (%)

3.3.5 Behaviour in wet environment

Si5-PTHF samples with 22.3 wt.% SiO, were stored in PBS at 120 rpm and 37°C for 1.5 years to assess
the change in the properties. No difference in the final inorganic content as measured by TGA is
observed or any change in the DSC peak which indicates no degradation of the polymer (or potentially,
concurrent degradation of polymer and silica), Figure 3.24a. The FTIR shows an increase in the O-H
absorption centred around 3300 cm™ due to water absorbed into the structure, however no difference

in the relative heights of organic or inorganic bands were observed.

& b.
T SePTHE 1% —— Si5-PTHF .
S Si5-PTHF, 1.5y in PBS {
=420
g |
410 = ‘
g 1
g .
8 ]
- 0 |
—“‘;zi—_ﬁ——‘:::::::: "r l"/ \ p
M f \
V AR
17 | W Y I\
e p——— . SN
r r Ty T
0

T T T T T T T T T T T T T T T T
100 200 300 400 500 600 700 3700 3400 3100 2800 2500 2200 1900 1600 1300 1000 700

Temperature (°C) wavenumber (cm™)

Figure 3.24: TGA and DSC analysis before and after soaking for 1.5 years. Samples are Si5-PTHF from the same synthesis.
There is a slight change in the shape of the mass loss curve which could be due to the size distribution of the pieces analysed.
It also cannot be ruled out that deposits from PBS could counter act any weight loss from the sample.

Samples were tested after soaking and removal from solution. Samples soaked for 1 month in PBS
underwent 10000 cycles at physiological strain rate without damage or deterioration of mechanical
behaviour. A change in the mechanical properties on soaking was observed immediately (2 hours in
PBS), which increased over a period of between 2 weeks and 1 month, however after this the
properties stabilised and after a further 1.5 years the cyclic compression curves overlap with those at
1 month soaking (Figure 3.25a). This change was observed using cyclic testing to 100 cycles as it
allowed the same sample to be tested repeatedly at various time points. Figure 3.25b compares the
stress at failure in dry conditions and after 1 month soaking, showing a decrease in the strength. This
difference is small at lower silica contents but at 32.0 wt.% SiO> the failure stress is reduced from 32
to 5 MPa, probably because the larger amount of hydrophilic silica means a higher uptake of water
and therefore greater internal stresses. However, samples should be tested under compression whilst

still in solution to assess if this is a result of the drying that occurs on removal from solution.
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Figure 3.25: a. Cyclic compression for Si5-PTHF at different time points soaking for between 2 hours and 1.5 years in PBS at 37°C
and 120 rpm to simulate the body environment (10 cycles shown of 100 tested). b. Failure stress in compression for dry samples

compared to samples soaked for one month in PBS at 37°C and 120 rpm.

Soaking of samples shifted the stiffness to that of a higher wt.% SiO, dry sample, as seen in Figure
3.25a and confirmed with DMA in compression (Figure 3.26). Comparing Figure 3.26a DMA of Si2.5-
PTHF dry and soaked, with Figure 3.26b of Si7.5-PTHF, highlights that the increase in stiffness is greater
for samples with more silica content: the error bars overlap for Si2.5-PTHF dry and soaked samples,

whereas the storage modulus of Si7.5-PTHF increase by 4-5 times on soaking.

This was consistent with what was found for the SiO,-PCL-PTHF system [110] and Class Il PTHF hybrids
(Ta20s-Ca0-PTHF) which showed an increase in stiffness and strength on soaking (2 weeks in
Simulated Body Fluid, SBF) [109]. The mechanism for this is not confirmed, but it may be that the
attraction of water to the hydrophilic SiO, means that the hydrophobic polymer chains are aligned or
more restricted in their movement than under dry conditions. The same stiffening effect was observed
on soaking in DI water, so is not an effect of the ions present in PBS. However, no crystallisation was
seen via XRD. There is no change in dimensions of the samples on soaking (they do not swell), although
some change to the optical properties is seen, as they become less translucent and the absorbance of
the OH bands in FTIR increased. No polymer was seen in solution after 1 month soaking in D0 in H

NMR.
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Figure 3.26: DMA in compression at strain ranges of 2-5, 5-10 and 10-15 % for dry samples
and samples soaked for one month of composition a. Si2.5-PTHF and b. Si7.5-PTHF. At the
lower silica content, the error bars overlap for each strain range, whereas for the higher silica
content hybrid there is a significant increase in the storage modulus, highlighting the effect of

the silica on the stiffening.

Behaviour relative to cartilage
SiO,-PTHF hybrids show stiffening on soaking, with higher silica content samples becoming particularly
brittle due to the hydrophilic nature of the silica. Because of this, attention for cartilage replacement

application should focus on lower silica content hybrids, below 20 wt.% SiO,.

Over the whole composition range, the hybrids showed compressive strengths to failure greater than
those experienced by native IVD when dry [28]: the failure stress in compression was 5 + 1 MPa at 5.8
wt.% SiO,, the lowest silica content tested; and the ability to deform significantly in compression

before failure (72 % at 18.3 wt.% SiO, was four times the compressive strain in the IVD [62]).
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However, above around 20 wt.% SiO; the stiffness of the hybrids at 10% strain became much larger
than the natural tissue, and a significant reduction in strength on soaking, therefore subsequent work

on device development concentrates on Si2.5-PTHF and below.

Table 3.6 compares the properties of 9.5 wt.% SiO, (Sil1.75-PTHF) to those of the IVD, highlighting the
possible problem of too high stiffness whilst meeting the minimum compressive strength

requirement.

Table 3.6: Mechanical property data for IVD cartilage tissue, compared with 9.5 wt.% SiO, hybrid composition.

Compressive Compressive Failure strain in
Strength (MPa) Modulus (MPa) compression
IVD 0.5-2.3[28] 0.5 [29] 0.09 - 0.126 [62]
9.5 wt. dry 84 2.1+0.3 0.72+0.04
% Si0,  soaked 1 month 28+0.1 0.51+0.01

The cyclic testing conducted here is not to sufficient cycle numbers or range of stresses to assess the

fatigue life of the samples, considering the intended lifespan of an implant material.

In general there is a difficultly in matching properties to natural tissues, because of the variation in
samples and testing conditions. This is addressed in Section 5.3.5 by testing hybrid samples moulded

to the same dimensions as natural IVDs and tested under the same conditions.

3.3.6 Sterilisation

To progress with the application of this hybrid system as a cartilage replacement material, it was
necessary to consider the behaviour of cells on the surface of the hybrid and its potential for toxicity.
Before doing this, a sterilisation technique was required as the hybrids are synthesised in a non-clean
environment and thus will contain pathogens that could lead to a false positive result for cytotoxicity.
Often, for cell culture studies, soaking in 70% ethanol or exposure to UV light is used for sterilisation,
however these processes are not sufficiently robust for future clinical use. Autoclaving and chemical
sterilisation methods like ethylene oxide, which has been used to sterilise PTHF [111], were rejected
due to the lack of porosity in the hybrid samples and their potential for damage to the material.
Gamma irradiation was considered as an alternative which has already been used to successfully
sterilize hybrids, including PDMS-SiO, [156] and hydrogels [157] at a standard dose of 25 kGy, and has
been shown to cause less damage to the polymer structure than ethylene oxide [158]. Gamma
irradiation at 25, 50 and 100 kGy was evaluated to assess effectiveness and for any deterioration in

the properties of the hybrids.
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The first attempt at sterilisation was at 25 kGy and the aim was to assess any damage to the samples
of Si5-PTHF (18.5 wt.% Si0O,). There was no visible damage to samples and no differences in surfaces
observed in SEM. The DMA results over the frequency range 0.01-10 Hz show that the error bars
overlap for the storage and loss modulus (Figure 3.27). However, subsequent storage in cell media,

showed that the samples were not sterile as bacterial growth in cell media was observed after 1 day.
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Figure 3.27: Storage and loss modulus in tension for the same sample (18.5 wt.%
Si0O,) without irradiation and irradiated at 25 kGy, over a strain range of 2 to 5 %.

Thus the next step was to compare the effect of 25, 50, 100 kGy irradiation as shown in Figure 3.28.
Samples were soaked in DI water for 1 month prior to sterilisation and the irradiation was carried out
on samples still under DI water. This was because the cyclic testing suggested that one month was the
time required for water to fully penetrate the structure (Section 3.3.5), therefore if there was any
remaining catalyst (for example) this would be diluted and removed after this time, and no further

release would occur.
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Figure 3.28: a. Storage and loss modulus in tension over 2 to 5 % strain, for samples of 27.6 wt.% SiO; irradiated at 25, 50 and 100 kGy.
b. TGA and DSC traces of the same material before and after gamma irradiation at 100 kGy.

Note that this experiment is not directly comparable with the previous result as the hybrid
compositions were different (here 27.6 wt.% SiO,). No progressive damage to the samples was
observed on increasing the irradiation from 25 to 100 kGy: error bars overlap for storage and loss
moduli. SEM imaging showed no evidence of damaged sustained to surfaces during gamma
irradiation. Only samples sterilized at 100 kGy in DI water showed no contamination (no bacterial
growth) in culture over the period of 21 days that they were observed so this gamma irradiation dose

was chosen for sterilisation for in vitro tests.

Gamma irradiation was confirmed as a potential solution to device sterilisation which does not have

a detrimental effect on materials properties, for use in cell studies and any future animal studies.
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3.3.7 Cell studies

Cell culture on hybrid discs

ATDC5 mouse chondrocyte cells were seeded onto the hybrid surface and onto tissue culture plates
(TCP) as described in Section 3.2.6. The cell line was chosen as one commonly used to assess tissue
engineering scaffolds [159-161]. The cells attached to the hybrid surface and no differences were
observed in cell viability on day 1 when compared to the cells seeded on the TCP alone (Figure 3.29a,
day 1). Over the 14 days of the experiment the cells remained metabolically active and viable, but they
did not proliferate. They attached to the surface and spread. Therefore, the viability remained

constant over time, Figure 3.29a.

Figure 3.29b shows the cells on the hybrid surface at day 10, with cytoskeleton staining (actin) and
microtubular staining (tubulin). The latter is important in mechanotransduction and taken together
the stainings provide an indication of the cell morphology. In both cases the cells are spread, however
at the high cell density there are also aggregates of cells visible, indicating that there was no advantage

in increasing the cell density from 1 x 10* cells cm?2 to 5 x 10* cells cm.
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Figure 3.29: a. Cell viability over time, for high and low cell density conditions. b. Cytoskeleton staining (actin and tubulin) of mouse ATDC5
chondrocytes on the surface of hybrid samples at day 10. Cells attach, spread and remain viable over time although they do not proliferate.
Scale bar is 100 um.
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The spreading of the cells on the surface and their constant viability over the 14-day period of the
experiment indicates that the hybrid surface is not toxic. Cells attached quickly to the cell surface:
when the cell media was added, four hours after the cell suspension was placed as a droplet on the
hybrid surface, the cells remained attached to the hybrid surface and did not float off into the cell
media or migrate onto the tissue culture plastic. There were no cells growing on the tissue culture
plastic away from the hybrid samples. The reason for this may be the hydrophobic nature of the hybrid
surface which leads to protein adsorption to the surface in a physiological environment. Cells require
adhesive motifs to attach and recognise the surface and this allows their fixation to the hybrid surface.
Negative controls (omission of the primary antibody with the presence of secondary antibodies) were

performed and no staining was observed in these samples.

The next step was to test for cytotoxicity of extractables from the material, following ISO 10993-5.
Figure 3.30 shows the cell viability in comparison with the positive control for cytotoxicity
(polyurethane containing 0.1% zinc diethyldithiocarbamate) and negative control (polyethylene).
Percentage cell viability was calculated according to Equation 3.1 and at all dilutions (25, 50, 75, 100%)
the extract solution passes the test for non-cytotoxicity as set out in the I1SO standard (greater than
70% viability). Therefore, the SiO,-PTHF hybrids have the potential to be used as implant materials,

subject to further in vitro and then in vivo testing.
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Figure 3.30: MMT results after 24 h with mouse chondrogenic cell line ATDC5 1 x 104 cells per
well, n=6. There is a significant difference between the positive control and all other conditions,
and none between the blank, positive and test extracts of all dilutions (p<0.01) which are all
above the 70% viability threshold for non-cytotoxicity.
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3.4 Conclusions

A novel hybrid system of SiO,-PTHF, using GPTMS as a covalent coupling agent, was synthesised at
inorganic contents ranging from 4 to 45 wt.% SiO, by a cationic ring opening polymerisation
mechanism. The hybrids were transparent and free from cracks and bubbles as bulk samples. A
combination of FTIR, TGA and NMR confirmed covalent bonding between the inorganic and organic

networks. TEM showed a uniform structure at the nanoscale.

Over this composition range, the hybrid material showed a wide range of strength and stiffness,
deforming significantly at lower silica contents and conversely behaving in a more brittle manner at

higher silica contents. The strength in compression was greater than in tension at each composition.

Samples underwent 10% cycles at a physiological strain rate with no visible damage or change to the
loading-unloading curve, in dry and wet conditions. Soaking in PBS to simulate the environment of the
body causes a change in the mechanical properties, increasing the stiffness, leading to embrittlement
at high silica contents. This change occurs in the first month of soaking and further change is not seen

after 1.5 years in cylinders of 22 wt. % SiO..

Following gamma irradiation at 100 kGy, hybrid surfaces supported mouse chondrocyte cell
attachment, with cells attaching within 4 hours and remaining viable and spread after 14 days.
Extractables from the hybrids were not cytotoxic according to ISO 10993-5. This supports the

possibility of using this hybrid system as a cartilage replacement material.

The progressive gelation of the hybrid, along with the tuneability of the mechanical properties by
change in the composition, led to the exploration of the use of this hybrid system to form structures
with a gradation in mechanical properties, which are present in natural cartilage. This will be the

subject of the following chapter.
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Chapter 4

Multiphase hybrid materials
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4.1 Introduction

The aim of this chapter was the formation of novel multiple phase hybrid samples. The formation of
inorganic-organic hybrids in the way described in Chapter 3 has two properties that are combined
here. First, SiO,-PTHF hybrids have tuneable mechanical properties, based on altering the ratio of the
inorganic to organic component, and controlled by the ratio of the starting reagents in the synthesis.
Secondly, the hybrids form by a gradual gelation, during which polymerisation continues. This ageing
process is 3 days, in a mould with minimal THF solvent evaporation, after which the mould is opened

gradually to allow evaporation.

The hypothesis was that two gels, of different composition and stiffness, could be joined prior to
completion of gelation to produce a single material with a stiffness gradient and no interface between
the original gels. Considering time zero to be the point at which the hybrid sol is introduced to a mould,
the aim was to add a second new hybrid (of the same or different silica content) at any point between
0-3 days. Joining of the two hybrids at an optimal time point should mean that no visible interface
remains between them, and complete mixing should not occur because of the high viscosity of the
solution. Thus it is possible to form a single sample with a gradation in properties through it, by
creation of a gradient in the silica content. This constitutes an innovative method for formation of a
stiffness gradient in an organic-inorganic hybrid material. Samples formed in this way are referred to
as multi- or two-phase samples in this thesis, where phases denote regions originating from different

hybrid sols.

The objectives were to test this hypothesis by joining gels at different points of gelation and
characterise the new material by measuring the gradient of silica content and the strength of the
interface in tension and compression. Digital Image Correlation was used to image the strain
distribution around the interface in two-phase samples formed at different ageing times. To isolate
the effect of the interface, two-phase samples were made from hybrids of identical composition at

different ageing times.

Gradients of stiffness are present in natural structures in the body, including intervertebral discs, in
which a variation in stiffness arises from the density and orientation of concentric rings of collagen
fibres in the annulus, in addition to fluid flow through the cartilage, as described in Section 1.2.1. This
structure allows the disc to be stiffer under increased flexural load and thus support the full motion

of the spine. The work of this chapter is an attempt to imitate this with a sol-gel hybrid.
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4.2 Methods

4.2.1 Synthesis

SiO,-PTHF hybrids were synthesised by the method described in Section 3.2.1. In one pot, TEOS was
hydrolysed in DI water catalysed by 1 M hydrochloric acid. Separately, the cationic ring opening
polymerisation of THF monomer was activated by GPTMS and catalysed by BF3-O(C;Hs),, leading to a
gradual gelation during which the hydrolysed TEOS was added dropwise. The gelation of the hybrid
sol continued, increasing in viscosity with time. The solution was stirred for minimum 10 minutes at
400 rpm after the addition of the hydrolysed TEOS to ensure mixing. After this hybrid sol was added
to a mould, sealed (by putting the mould in screw top PMP pots or covering with layers of aluminium
foil) and placed at 40°C for 3 days ageing. During the 3-day ageing period, the polymerisation
continued and there was minimal evaporation of THF, so that at the 3-day ageing point, the hybrid
held the form of the mould without shrinkage. Then, the seal was opened gradually over the period
of one week and samples were left to dry in open moulds for a further week (still at 40°C) before

testing.

The gradual gelation of the hybrid sol was exploited to form multiphase hybrids with a gradation in
the composition through the structure. The previous synthesis method was interrupted during the
gelation/ageing period. The aim was to join two sols before they completed gelation. Therefore,
ageing times (tage) of two hours and three days, plus an intermediate time point of one day, were used

to create the first hybrids made by joining two partially gelled sols.

Joining of different compositions (TEOS/GPTMS ratio of the reagents) between the first and second
sol were investigated: Si2.5-PTHF/Si7.5-PTHF, chosen based on mechanical properties measured in
Section 3.3.4, for which typical synthesis quantities are shown in Table 4.1; Si5-PTHF/Si20-PTHF (stiffer
combination of phases); Sil-PTHF/Si20-PTHF to maximise the difference in stiffness between each
region; and three-phase hybrids of composition Si1-PTHF/Si5-PTHF/Si20-PTHF, to attempt a gradual
composition change. Two-phase samples of identical composition Si2.5-PTHF/Si2.5-PTHF were

compared with single phase Si2.5-PTHF (referred to as ‘zero hour’ joining time).

For cylindrical moulds, formation of two-phase samples involved half-filling the mould with the first
solution and then filling the remaining height with the second solution, using the same process at all
ageing times. For discs, half of the solution was removed with a PTFE spatula at two hours of gelation,
then for tse = 2 hour the second solution was added immediately. For taee = 1 day and 3 days, the

sample was returned to the oven at 40°C until the required time was reached, at which point the
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second solution was added. To prevent distortion or movement of the first half of the disc, a PTFE
weight was used to hold it in place.
Table 4.1: Typical synthesis quantities for first and second hybrid sols to form a two phase Si2.5-PTHF/Si7.5-PTHF hybrid, at

joining times of tage = 2 hour, 1 day, 3 day in the ageing of the first sol. x refers to the moles of TEOS and a to the moles of
GPTMS, the ratio of which (x/a) controls the inorganic/organic ratio.

Solution 1: Si7.5-PTHF Solution 2: Si2.5-PTHF

Reagent Molar ratio Ty;.ncal Molar ratio Typical quantity
quantity (mL) (mL)
GPTMS a 2.16 a 2.43
BF3-O(C;Hs); 0.25a 0.30 0.25a 0.34
THF 100a 79.49 100a 89.20
TEOS x=7.5a 16.41 x=2.5a 6.14
H,0 3a + 4x 5.82 3a +4x 2.57
HCI (1M) (1/3 volume of H,0) 1.94 (1/3 volume of H,0) 0.86

Characterisation of the interface

To confirm the variation in the silica content in the multiphase hybrids, cylindrical samples were sliced
at approximately 2 mm height sections. Each section was then analysed by TGA. This method is limited
in resolution by the ability to slice sections and was used to confirm the presence of different hybrid
compositions rather than characterisation of the steepness in the compositional change at the

‘interface’ or ‘join’ (where the two sols meet) itself.
4.2.2 Mechanical behaviour

Compression testing

Vertical uniaxial compression testing was carried out on cylindrical samples of height x diameter =~ 15
x 10 mm with the long axis of the cylinder parallel to applied force (as for single phase samples, Section
3.3.4), using a Zwick machine with 1 kN load cell, in displacement control at a rate of 1 mm min™. The
‘join” in multiphase samples was located at the centre of the sample perpendicular to the applied

force.

Horizontal compression testing was carried out on the same cylindrical samples, with the long axis of
the cylinder perpendicular to the applied force. In this case the ‘join’ in multiphase samples was

parallel to the applied force.

Three samples were tested in each orientation.
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Tensile testing

Uniaxial tensile testing to failure was carried out according to [144] on samples of length x width x
thickness =~ 45 x 10 x 0.5-2 mm (measured for each sample) with 25 mm exposed length, using Bose
Electroforce Series Ill machine fitted with 450 N load cell, in displacement control at a rate of 1 mm
min?, with a minimum of five valid repeats (samples failing at grips were excluded). As for compression
test samples, the ‘join’ in multiphase samples was located at the centre of the sample perpendicular

to the applied force, shown schematically in Figure 4.1.

- = interface
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-« 57, ,4510;m —>
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45 mm

Figure 4.1: Tensile test sample schematic with the join interface shown as the dotted line.
Each end is covered in tape to prevent tearing inside the grips (hatched region).

For comparison between two-phase hybrids with different compositions formed at different ageing
times, the dimensions of the less stiff phase were used to plot stress-strain curves, as all of the

deformation was assumed to be in that phase.

4.2.3 Digital Image Correlation

All Digital Image Correlation (DIC) work was carried out in collaboration with Jeff Clark. A speckle
pattern for DIC was created using an ink pen on the surface of the hybrid sample. The sample was
then photographed every 2 seconds during compression tests with an image resolution of 6000 x 4000
pixels, resulting in an approximate pixel size of 6 um. A lamp was placed directly behind the sample to
increase the contrast in the pattern as the sample itself is transparent. Imagel [141] was used to
process the images and GOM Correlate 2018 software [162] was used to produce strain maps with
surface component facet size = 100 pixels, point distance = 40 pixels, optimised as discussed in Section
4.3.5. This ensures that the facet size (600 um) is larger than the scale of the speckle size. The strain
was measured across a line along the centre of the specimen to reduce the error from out of plane

motion of the sample as it was compressed.
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Two-phase hybrid samples with phases of identical and different composition were analysed by DIC in
vertical compression, with the interface centrally located and perpendicular to the applied force, and
in horizontal compression, so that the interface was parallel to the axis of the applied force. The
identical composition hybrids were Si2.5-PTHF/Si2.5-PTHF and the different composition hybrids were
Si2.5-PTHF/Si7.5-PTHF with the silica content measured by TGA. Samples were formed at ageing times
of two hours, one day, three days and additionally ‘O hour’ samples were tested for the identical

composition, which were single phase hybrids of Si2.5-PTHF.

Stationary test

The point distance was chosen to give 40% overlap of facets used for DIC and the facet size was
optimised as the smallest facet size achievable without increase in strain error. The optimisation was
done for one sample in the horizontal and one in the vertical orientation, with 8 stationary photos at
the beginning of the test. The surface component facet size was set at 150, 125, 100, 75 and 50 pixels
(with the point distance set at 40% of this), and the maximum in the absolute value of the major strain

was measured at each of the eight stationary photos to give a value of the error in the strain.

4.2.4 Micro-CT
All Micro-CT scanning was carried out by Jeff Clark and Brett Clark (Micro-CT scanning specialist,

Natural History Museum, UK). Jeff Clark conducted all image processing and DVC analysis of the data.

Synthesis incorporating ZrO,

The hybrid itself did not have any intrinsic pattern that could be employed for tracking using DVC. To
create a pattern, zirconia powder (Sigma, UK) was added to the hybrid sol before pouring into moulds.
The zirconia powder was ground and sieved to 38 um and stirred into the hybrid sol at 400 rpm for 10
minutes. 20 mg of ZrO, powder was added to 10 mL of hybrid sol (concentration of 2 mg mL?). Dual
phase hybrids were made in this way with compositions Si2.5-PTHF and Si7.5-PTHF joined at two hours

ageing.

This method was used for single phase samples of Si2.5-PTHF to check the concentration of zirconia
powder that would give a trackable pattern (comparing 2 mg mL? and 10 mg mL?) and subsequently
for two-phase hybrid samples to assess the 3-dimensional form of the interface and the strain state
around that interface when under compression. The Si2.5-PTHF/Si7.5-PTHF, tse = 2 hour two-phase

hybrid was scanned uncompressed and at 10% and 20% nominal strain in compression.

Micro-CT: Zero strain study
Samples were loaded into a custom-made in-situ mechanical testing rig equipped with a load cell

(LBS100, Interface) for micro-CT scanning (Versa 510, Zeiss, Germany). The Fast Fourier Transform
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(FFT) pre-shift window size was set to 12 voxels larger than the subset size (76) and the peak search
radius was set to 4. To quantify the error an initial series of scans (n=3) were taken with no strain
induced between the scans, referred to as zero strain scans. To ensure good contact with the platens
a preload of 10 N was applied prior to testing in displacement control. This is larger than the preload
considered for the loaded study to prevent any wobbling of the sample during testing, which would

invalidate the zero strain study.

Loaded study

To ensure that the movement of the particles was captured, the FFT pre-shift and peak search radius
were increased for the loaded study. An initial unloaded scan was taken with a preload of 5 N applied.
Following this, further scans were taken with two loading stages applied, at nominal strains of 10%
and 20%, calculated from the distance between platens measured after the unloaded scan. The
number of projections was increased to 1600 for the mechanical loading series to maximise the image

quality across the sample.

Digital Volume Correlation (DVC)
Reconstruction of the projection images to produce 3D volumetric data sets was performed using
Reconstructor Scout-and-Scan software (Zeiss, Germany). The reconstructed CT volumes were aligned

and cropped using Fiji Is Just Image)J software version 1.52g (NIH, USA).

Scan data for zero strain conditions was imported to the DVC software (DaVis 8.4.0, LaVision,
Germany). Three scans were run of which the second and third were analysed. These scans are used
to optimise the DVC software for three variables. Firstly, the choice of DVC method used from: a)
direct correlation (DC); b) FFT; and c) combining both (FFT+DC). DC compares directly each voxel of
the unloaded and loaded conditions to create the 3D map whereas FFT uses the product of Fourier
transform of volumes to find the cross correlation [142]. The second variable is the overlap of the
voxels, which are the subset volumes or boxes used for tracking. Overlapping reduces the error
(greater number of vectors are measured in a given volume) without decreasing the size of the voxels
which would otherwise increase the noise in the data. This was tested at 0, 50 and 75% as allowed by
the software. The third variable is the subset size (size of the voxel). As for DIC, this should be
minimised whilst still maintaining strain accuracy, i.e. use the minimum subset size that is small
enough for good spatial resolution and large enough for the strain vector in each voxel to be accurate.
Results of optimisation are discussed in Section 4.3.6, resulting in the use of FFT+DC at 64 subset size

with the overlap set at 50%.
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4.3 Results and discussion

4.3.1 Observations of the synthesis process

Polymerisation of THF continued during the ageing time while the hybrid samples were sealed for
three days, after which gradual opening of the moulds allowed THF evaporation to occur and led to
the shrinkage of the sample. A second hybrid solution (of the same or different composition) can be
added to the first during this time, at ageing time tage measured from the addition of the first hybrid
to the mould. Adding two sols together immediately caused complete mixing. To maintain the
separation of the two hybrids, the minimum joining time is around two hours of gelation (sealed at
40°C), after which the viscosity of the sol was sufficient such that addition of a second sol to the mould
did not cause mixing. After three days gelation/ageing of the original sol the hybrid had gelled to the
point that a solid sample had formed but shrinkage has not occurred. Beyond three days, the gel began

to shrink.

The formation of two-phase cylinders was straightforward, pouring a second solution on top of the
first, using a Pasteur pipette to control the volume of solution so the interface falls in the centre of
the cylinder. Forming discs was more difficult than forming cylinders, in particular achieving the same
height of solution whilst also not overlapping the solution at the interface. At the longest t,ge of three
days, the first hybrid tended to curl up at the edges, allowing the second solution to flow underneath.
This was countered by weighing down the first part with a PTFE weight and by leaving the second
hybrid sol until it reached a higher viscosity than that used for single phase samples before adding to

the mould. At three days ageing the hybrid has gelled enough that the weight did not deform the disc.

After the three day ageing period, it was still possible to join a second hybrid solution, and it bonded
to the first. This caused the samples to distort because of the shrinkage of the first hybrid while the

second was still gelling. Therefore time points after three day ageing time were not considered.
4.3.2 Characterisation

Silica content

The cylinders formed were cut into slices with a razor blade, at approximately 2 mm intervals along
their height. TGA of each individual section allows the measurement of the silica content in each slice.
The composition variation over the height for a single phase sample is around 1 wt.% SiO», as discussed
in Chapter 3 and shown again in Figure 4.2a. Comparing this to Figure 4.2b, which is a two phase hybrid
of the same composition (Si2.5-PTHF) formed at tage = 2 hour shows that the constant composition
throughout the sample has been maintained despite the joining. Figure 4.2c again shows a cylinder

formed at t,ee = 2 hour but this time with two different hybrid compositions: Si2.5-PTHF/Si7.5-PTHF,
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reflected in the difference of the silica content from 11.8 to 23.7 wt.% SiO, through the length of the
cylinder. The difference in stiffness was apparent when handling the sample. Figure 4.2d shows a
three-phase hybrid of composition Sil-PTHF/Si5-PTHF/Si20-PTHF and shows the change in
composition occurs through a larger central portion of the cylinder and a total of 36 wt.% SiO;
difference between top and bottom of the cylinder. All the cylinders show faint horizontal lines which

results from the machining lines inside the mould and are not related to the formation of the interface.
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Figure 4.2: Silica content in multiphase hybrids measured by TGA. a. Single phase Si2.5-PTHF b. Two-phase hybrid with identical
composition Si2.5-PTHF/Si2.5-PTHF, c. Two-phase hybrid with different composition Si2.5-PTHF/Si7.5-PTHF and d. Three-phase hybrid
with different composition Si1-PTHF/Si5-PTHF/Si20-PTHF. Cylinder dimensions = 10 x 15 mm.

This technique confirms the formation of multiphase hybrids, however it is limited in its resolution to
approximately 2 mm, because of the minimum amount of material required for TGA. Since the
interface covers a distance smaller than this, it does not provide information on the steepness of the

compositional change at the interface itself.

To improve the precision, AFM was used to measure the stiffness of the surface, to attempt to
understand how the silica content is changing over the interface, but since the surface roughness also
changed with increased silica content, these effects interfered with each other. Therefore no
characterisation of the precise compositional change at the interface was achieved, and instead

optical methods were used in conjunction with mechanical testing to understand the interface.
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4.3.3 Tensile testing

Two-phase hybrids of different composition

For tensile testing, rectangular samples with the interface horizontal across the centre were cut from
discs. Figure 4.3 shows discs formed at t,ge of two hours (Figure 4.3a), one day (Figure 4.3b) and three
days (Figure 4.3c) from Si2.5-PTHF/Si7.5-PTHF. When joining at one day and three days, the interface

was clearly visible, but at two hours the join did not show the same clear line across the disc.

Sometimes, when joining after one and three days, bubbles formed at the interface, possibly due to
the evaporation of THF from the first hybrid into the second or trapping of air when the second
solution was added. Since the exposed area of the disc samples is large (diameter = 150 mm)
compared to the cylinders (diameter = 10 mm) and the opening of the samples must be done under a
fumehood, there is significant evaporation of THF when the second solution is added. However, the
formation of bubbles is regarded as part of the weakness that comes from the formation of the

interface, so samples containing bubbles were not discounted.

Figure 4.3d shows a tensile test specimen cut from a two component Si2.5-PTHF/Si7.5-PTHF disc that
was joined at 1 day. The setup of tensile tests was complicated for two phase samples as there was a
difference in the surface finish and in the thickness of the two components. The ends of samples were

covered in tape as for the single phase samples, however a higher proportion of samples failed in the

grips.

a. tage = 2 hOUF b. tage = 1 day C. tage = 3 day

26 wt.% SiO,

Figure 4.3: Discs formed from Si2.5-PTHF/Si7.5-PTHF at joining times of a. 2 hours, b. 1 day, c. 3 day. d. shows a sample
for tensile testing cut from a disc joined at 1 day, with the interface horizontal across the centre of the specimen.

The results from tensile testing of Si2.5-PTHF/Si7.5-PTHF samples joined at tsge = 2 hour and 1 day are
summarised in Table 4.2, with comparison to single phase samples of Si2.5-PTHF. All samples formed
at tage = 3 day failed in the grips, due to a large discrepancy in the thickness of the two phases. Results

for samples formed at tie = 2 hour and 1 day are the average and standard deviation of five samples,
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none of which failed at the grips. Due to the difference in stiffness of the joined phases, the two phases
deformed differently in tension. Therefore, calculation of stress and strain in tensile tests was done
using the dimensions of the less stiff phase (Si2.5-PTHF), since observations of the tests indicated that
only this phase was deformed (Figure 4.4c). However, this gave a higher true stress at failure than the
single phase samples (Table 4.2), so it may indicate instead that the strain in both phases should be
measured by another method, e.g. optically or calculated from the stiffness values. To isolate the
effect of the interface and ameliorate this problem, two phase hybrid samples of identical

compositions were formed at tage = 2 hours, 1 day and 3 days, discussed in the next section.

Table 4.2: Tensile testing of samples of different compositions compared to the single phase (‘0 hour’ joining)

Sample Joining time o" at failure (MPa) € at failure
Si2.5-PTHF 0 hour 26+0.6 0.60 +0.09
Si2.5-PTHF/Si7.5-PTHF 1 day 46%26 0.52 £ 0.06
Si2.5-PTHF/Si7.5-PTHF 3 days 22+1.7 0.55+0.22

Figure 4.4a and b compare the appearance of Si2.5-PTHF/Si7.5-PTHF at tage =2 h and toee = 1 day in a
tensile test set up. The Si2.5-PTHF deformed significantly more than the Si7.5-PTHF (Figure 4.4c). The
join interface was seen in the tie= 2 h samples by the difference in surface finish but was not visible
in the photo (Figure 4.4a). The true stress-strain curves of all samples including single phase samples
for comparison are shown in Figure 4.4d. There was a large range of results for both tae = 2 h and tage
=1 day samples, with the samples becoming stronger and stiffer at the shorter joining time. At 2 hours
the samples never failed directly at the interface whereas at 1 day they did fail sometimes (2/5

samples e.g. Figure 4.4e) at the interface.

Hydrogel samples have been developed with distinct zones, so that under tension elongation is seen
only in the less stiff zone, followed by failure within that zone rather than at the join [118], as found
in this work when joined at tage = 2 hour, however this was not accompanied by a systematic study of

the strength of the join for comparison.

107



10
9 -
8
71
™ 6f
o
= 51
-kb 4 -
3F
ol B Si2.5-PTHF
1 W Si2.5-PTHF/Si7.5-PTHF @ t,q, = 2 hour
I Si2.5-PTHF/Si7.5-PTHF @ t,¢, = 1 day
0 - T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Figure 4.4: Tensile testing of Si2.5-PTHF/Si7.5-PTHF samples at a. tage = 2 hour, b. tage = 1 day, . t,ee = 1 day at a
larger extension, highlighting that deformation occurs in the less stiff phase, d. 6™ v €" curves for single phase
Si2.5-PTHF samples and Si2.5-PTHF/Si7.5-PTHF samples joined at tage = 2 hour and 1 day. e. A sample joined at
tage = 1 day which failed along the interface.

Two-phase hybrids of identical composition

To avoid the complication of two different compositions with different mechanical properties, Si2.5-
PTHF/Si2.5-PTHF samples were formed from the same hybrid compositions at the same series of
joining times: two hours, one day and three days, and compared to the ‘0 hour’ joining time, which
was a single phase hybrid of Si2.5-PTHF. In this case, the stress-strain curves were produced as they

were for single phase samples, with the aim to isolate the effect of the formation of the join.

Samples joined at tige = 3 days failed more often at the interface: three out of five valid samples failed
at the interface, compared to none for samples joined at tage = 2 hour and one at t,e = 1 day. Figure

4.5 shows the mean and standard deviation of the five repeats, with blue shaded area showing that
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of the single phase Si2.5-PTHF samples. The reason for the higher mean stress at failure for the
samples at t,e = 2 hours, over the single phase, may be a slight discrepancy in the composition

(samples were not made in the same synthesis batch).

This test suggested that the joining of two gels at two hours of ageing did not reduce the strength of

a sample compared to a single phase specimen: the material was continuous at the interface.

o™ at failure (MPa)

t.ge (days)

Figure 4.5: Tensile testing of identical composition samples (Si2.5-PTHF/Si2.5-PTHF) formed at different joining
times, tage. Using a t-test with unequal variance there was a significant difference between the failure stress of
gels joined after 2 h of ageing compared to those joined after 1 day (p<0.01).
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4.3.4 Compression testing

Two-phase hybrids

Compression testing was conducted in vertical and horizontal orientation, referring respectively to the
long axis of the cylinder parallel and perpendicular to the applied force. Stress-strain curves were only
produced for the vertical compression tested samples, using the mean cross-sectional area of the
sample. This is because the two phases were in series with each other and the stress is assumed to be
the same in both phases (they have the same initial cross-sectional area). It was not possible to see
exactly where the interface was for cylindrical samples, unlike for the discs, therefore it was not
feasible to measure the height of each phase. The height of each phase was therefore assumed to be
half the overall height (i.e. the interface was assumed to be in the centre of the sample, which was

the intention after grinding the top surface of the sample to flat).

The first trial of compression testing of two-phase hybrids was done on a stiffer combination of phases,
Si5-PTHF/Si20-PTHF formed at tage = 2 hours. Figure 4.6a shows a photograph of a Si20-PTHF/Si5-PTHF
two-phase hybrid cylinder with the silica content gradient shown, as measured from in 2 mm sections

by TGA. Si20-PTHF region is denoted with a blue T and Si5-PTHF with a red * (Figure 4.6a and c).
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Figure 4.6: a. Si5-PTHF/Si20-PTHF two-phase hybrid with the silica content gradient shown as measured in 2 mm
sections by TGA, and b. compression test of a sample of the same composition. c. shows photos of the sample at

approximately 10% strain intervals up to just before failure. T(blue) labels the Si20-PTHF region and * (red) the Si5-
PTHF.
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Uniaxial compression of the sample is shown in Figure 4.6b, with photos at approximately 10% strain
intervals in Figure 4.6¢ showing that the deformation and barrelling effect were greater in the less stiff
(Si5-PTHF) part of the sample, where the final failure occurred. The final true stress at failure is in the
range of values measured at the same silica content: here the average silica content is 25.4 wt.% SiO»

and the true stress at failure was measured at 29.6 + 1.2 MPa for 24.6 wt.% SiO,.

Compression testing was conducted in this way for a series of joined hybrids: identical composition
samples (Si2.5-PTHF/Si2.5-PTHF) and different composition samples (Si2.5-PTHF/Si7.5-PTHF), at tage =
0 h, 2 h, 1 day, 3 days. There was a large variation in the results, so individual results were plotted
rather than average values, Figure 4.7. Because of the variance in the results, no conclusions can be
drawn from this test about how the strength of the interface changes with joining time at increasing
tage. FOr this reason, DIC was used to investigate whether or not the interface acts to concentrate the

strain and therefore whether or not it will act as a point of failure in the material.
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Figure 4.7: Vertical compression testing of two phase hybrids of: identical composition
(diamonds) and different composition (stars), as a function of time lapsed before joining (tage),
calculated from the height of only the less stiff phase.
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4.3.5 Digital Image Correlation

Digital Image Correlation (DIC) tracks the surface displacement of a pattern, and has been used
extensively with both biomaterials and biological tissues [163]. Cylindrical samples were tested
vertically and horizontally to investigate the strain around the joining interface. Figure 4.8 shows the

speckle pattern of ink drawn on the surface.

Figure 4.8: Horizontal compression sample Si2.5-PTHF/Si7.5-PTHF with speckle pattern for DIC
tracking and illumination from behind. Scale bar = 2 mm. Inset shows the facet size used with DIC
software, square size length = 600 pum (100 pixels).

The surface finish depends on the composition of the hybrid, which can affect the drawing of the
pattern. Both the compositions used here had sufficiently low silica content that the pattern could be
drawn well onto the surface with ink pen. The camera was focussed on the central horizontal line of

the sample, as away from the centre the material moved out of plane.

Stationary test

Measuring the strain between stationary photos at the beginning of the test gave an estimation of the
error in the strain calculated. This was also used to optimise the size of the facets used for tracking.
Using a fixed overlap of facets of 40% and minimum pattern quality of 1.1, the facet size was varied at
50, 75, 100, 125, 150 pixels. Increasing the facet size will give a smaller the error, at the expense of
the spatial resolution. Therefore, the aim is to minimise the facet size without a large increase in the
error. The stationary test was done for three samples over eight stationary photos, and 100 pixels was
selected as the optimum facet size, Figure 4.9. 100 pixels was approximately 600 um, slightly larger
than the size of the speckle (which varies 100-400 um in its longest dimension). The facet size must be
larger than the speckle size to ensure that each facet contains a unique pattern for tracking [164]. The

randomness of the shapes of each speckle also improved the ‘uniqueness’ of the pattern in each facet
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box, so smaller facets were used here than would be possible with a homogeneous speckle (e.g.

uniform dots).

This gave an overall strain error of approximately 0.2 %, therefore a measured strain of 0.1 + 0.002,
much smaller than the differences in strains close to and away from the interface that were

considered.

Variation between individual samples can arise due to illumination conditions and different pre-strain
conditions, depending on the evenness of the surface in contact with the platen. Three samples were

measured over 8 stationary photos to estimate the strain error.
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Figure 4.9: Stationary test to optimise facet size vertical compression testing, at 40%
overlap of facets. A 100 pixel facet size was selected to minimise error whilst maintaining
unique pattern inside each box.
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Horizontal compression testing

Since the vertical compression testing of multiphase hybrids did not discriminate between samples
formed at different tag, it was considered to not be a useful test of the strength of the interface itself.
Horizontal compression testing does not allow a straightforward calculation of failure stress, but when
combined with DIC, it can show the concentration of strain around the join interface in this
orientation. This may be more relevant to the application for IVD replacement, as the interface in this

case would be parallel to the applied compressive force in the spine.

Horizontal compression testing was run on samples of identical composition (Si2.5-PTHF/Si2.5-PTHF)
and of different composition (Si2.5-PTHF/Si7.5-PTHF) at tage = 2 hours, 1 day and 3 day, and additionally
for single phase samples of Si2.5-PTHF (termed O hour ageing). An example of Si2.5-PTHF/Si7.5-PTHF
at tage = 3 days is shown in Figure 4.10: the map of the strain (0 — 6 % tensile strain as the material

expands horizontally) in the direction perpendicular to the applied force is shown along with the

central black line along which strain is additionally measured.
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Figure 4.10: Example of horizontal compression of Si2.5-PTHF/Si7.5-PTHF joined at tag = 3 days and 10% applied
strain, showing the two regions, approximate position of the interface and the applied compressive force (top
platen moves). The strain is measured along the central black line for subsequent plots. Scale bar =2 mm.

For the subsequent Figure 4.11, cropped images of the cylinders in horizontal compression are shown,
overlaid with the strain measured along the central line (this overlaid white graph is a graphical version
of the same strain map, just along the central line of the cylinder, shown in black). DIC mapped the

strain in the direction along the long axis of the cylinder, perpendicular to the applied force, mapped
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across the surface. The strain in the direction parallel to the applied force was uniform along the
central length of the cylinder. The central portion of the cylinder is shown along its whole length, at a
10% nominal strain in the vertical direction in each case. Three samples were tested in each condition

of which one representative sample is shown here.

Comparing two-phase samples of constant composition with those with two different compositions
separates the effect of the formation of an interface from the effect of the mismatched compositions.
In Figure 4.11, no significant difference is seen in the identical composition samples as tage increases,
with a possible increase in the peak strain comparing between the single phase (0 hour) sample and

the two-phase samples. No interface was apparent, in terms of the strain maps.

Conversely, with different compositions the strain concentration around the interface was visible and
became sharper at longer tag. This suggests that this strain concentration arose from the mismatch in
properties due to differing compositions, rather than from the formation of the interface itself

between the phases, even with tsg = 3 days.

The most important difference is in comparing the strain map picture at tage = 2 h with tage = 1 day, for
the different composition samples: t.ge = 2 h has a strain gradient that is symmetrical each side of the
interface, with a lower peak strain at the interface. This suggests that the interface was more diffuse
for the tage = 2 h sample and thus indicated that mixing occurred over a longer distance than tae = 1
day and tae = 3 days samples, which had a sharper interface. This may be due to polymerisation
occurring across the interface when the samples are joined at t.g = 2 h, as well as physical mixing of
the two solutions close the interface. However, this should be confirmed with chemical composition

measurement at the scale of the interface.
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Figure 4.11: Horizontal compression testing showing the strain map in the direction perpendicular to the applied force as tracked by DIC,
for identical composition samples (Si2.5-PTHF/Si2.5-PTHF) and different compositions (Si2.5-PTHF/Si7.5-PTHF) at tage =2 h, 1d, 3 d and
for single phase Si2.5-PTHF sample (0 h) at 10% strain. Overlaid graph (white) is the same strain measured specifically along the black
line through the centre of the cylinder. Scale bar =2 mm. Three samples were tested in each condition of which one representative strain

map is shown, at the centre of the cylinder.
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Vertical compression testing

In this case, differently to the horizontal compression, the strain parallel to the applied force (along
the longer axis of the cylinder) was measured during compression of vertically orientated cylinders.
Figure 4.12 shows an example of Si2.5-PTHF/Si7.5-PTHF joined at t.g = 1 day at 10% nominal strain,
with the two phases, position of interface and direction of the applied force labelled. The DIC map
shows the strain in the direction parallel to the applied force. The subsequent images are cropped
from the cylinder to just show the interface and overlain with a graph of the same strain measured

down the centre line of the cylinder (black vertical line on Figure 4.12).
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Figure 4.12: Vertical compression of Si2.5-PTHF/Si7.5-PTHF formed at tsg = 1 day,
with the two regions labelled, the approximate position of the interface and the
direction of the applied force. The black line is the central line in the cylinder along
which the strain is graphed (for overlaying on pictures). Scale bar =2 mm.

Figure 4.13 shows this for Si2.5-PTHF/Si2.5-PTHF and Si2.5-PTHF/Si7.5-PTHF cylinders at tyee =2 h, 1 d,
3 d and for single phase Si2.5-PTHF samples (‘0 hour’). Three tests were run for each condition, of

which one representative sample is shown.

As for the horizontally compressed cylinders, a difference was seen for the different composition
cylinders which is not seen for the cylinders of identical composition. Considering first the identical
composition samples, the single phase sample (0 hour) showed zero strain at the top platen, increasing

to around 10% compressive strain through the centre and lower portion of the cylinder. The variation
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in strain is gradual. At tsee = 2 h and 1 day, the strain distribution is the same, and the sample formed
at tage = 3 day showed a more distinct maximum in the compressive strain close to the assumed

position of the interface.

For the samples of different composition, strain concentration at the interface was seen in every case
but most sharply at tage = 2 h. It is also clear for this sample that the interface was not in the centre
along the height of the cylinder, which could be caused by the difference in shrinkage of the two
regions. Therefore it is possible that the inequality in the heights of the two phases means that the
choice of 10% nominal strain for all of the samples may create error: i.e. the less stiff phase could
actually be under greater strain for tsee = 2 h than 1 day or 3 day. This indicates the need for a
mechanical analysis of the loading scenario, taking into account the proportions of each phase and

their moduli (which varies with the applied strain).

As is observed by the barrelling in only the less stiff region, most of the deformation occurs in that
region (Si2.5-PTHF). However, there is non-zero compressive strain measured in the stiff region (Si7.5-

PTHF) which should be taken into account when calculating the failure stress and strain.

This test suggests that the composition transition is sharp at the interface, even at 2 hour joining time,
unlike for the horizontal compression testing. This means that even at t,e = 2 h there is not long range
mixing across the interface: the interface is still quite sharp. Better control of the viscosity would allow

this to be less steep and potentially strengthen the interface.
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Figure 4.13: DIC of vertical compression samples for identical composition (Si2.5-PTHF/Si2.5-PTHF) and
different composition (Si2.5-PTHF/Si7.5-PTHF) at tage = 2 hour, 1 day, 3 days and additionally for single phase
Si2.5-PTHF (‘0 hour’). The overlaid white graph is a graphical version of the same strain map, along the central
line of the cylinder (shown in black). Scale bar =2 mm.
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Testing of 3-phase sample with greater compositional difference

To maximise the compositional difference seen across the length of the cylinder, samples were
created with Si20-PTHF as the first hybrid and Si1l-PTHF as the second solution. In another sample, an
intermediate thin layer of Si5-PTHF was added between the two. These samples are termed Si1l-PTHF
/Si20-PTHF and Si1-PTHF/Si5-PTHF/Si20-PTHF respectively. As was seen in Figure 4.2d, the inorganic
content varied from 6 wt.% to 42 wt.% SiO,. This corresponds to a difference in the stiffness, measured
as the tangent to the stress-strain curve at 10% nominal strain, of 4 to 200 MPa between the top and

bottom of the cylinder in compression (Section 3.3.4).

The compression test highlights the barrelling of the less stiff phase (Figure 4.14a-c), due to the greater
disparity in stiffness. The sample failed in the less stiff phase, with a ring of material coming off (Figure
4.14c,e). The compression of samples with and without the intermediate phase were compared but
there was no significant difference in the compression curve, Figure 4.14d. Looking at the transition
between the phases in the SEM, there was a sharp difference in the fracture surface from the glassy

phase to the flexible phase (Figure 4.14f).

Because of the smoother surface finish on the Si20-PTHF phase, it was not possible to draw a pattern
for DIC tracking in the same way, and therefore DIC was only applied in the less stiff phase and around
the interface. The strain maps in the horizontal long axis of the cylinder were compared for the two
samples, for which the Si1-PTHF/Si5-PTHF/Si20-PTHF sample showed a less steep gradient of strain in
the flexible phase (Figure 4.14g.). However, both showed a sharp increase in compressive (negative)

strain at the interface (Figure 4.14g,h).

Overall, the addition of the intermediate phase of Si5-PTHF did not produce a sufficiently gradual
transition in the composition through the cylinder to improve the properties over the Si1-PTHF/Si20-
PTHF sample. This may be due to the lack of precise control over the viscosity of the hybrid sols, so
optimisation of this along with the timings of additions of second and third sol are required to form a

more gradual gradient in composition.
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Figure 4.14: Compression of Si1-PTHF/Si5-PTHF/Si20-PTHF, with Si1l-PTHF labelled with * and Si20-PTHF with T, ata. 1
mm displacement, b. just before and c. just after failure. d. 6" v & curves for Sil-PTHF/Si5-PTHF/Si20-PTHF and Sil-
PTHF/Si20-PTHF. e. Si1-PTHF/Si5-PTHF/Si20-PTHF cylinder after failure and f. fracture surface of the same sample around
the transition between phases, scale bar = 200 um. Strain maps of the interface of g. Sil-PTHF/Si5-PTHF/Si20-PTHF and
h. Si1-PTHF/Si20-PTHF for comparison. Scale bar =1 mm.

As discussed in Section 1.4.1, the formation of graded stiffness structures is of interest as the gradation
in properties and continuous interfaces are found in natural tissues, for example between bone and
cartilage and within cartilage structures like the intervertebral disc. Approaches have been developed
for the formation of gradients in bulk materials using differences in the materials properties, for

example exploiting a difference in density to form a buoyancy-driven gradient in hydrogels and
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acrylate polymers, and measuring the interface using differences in the RAMAN intensity arising from
a given stretch and contact modulus across the surface [123]. Mechanical property gradients can also
be produced by a difference in types of crosslinkers [118] or degree of polymerisation [165] in

hydrogels or polymer crosslinking density in polyurethane [127].

Similar 50-fold differences in stiffness have been achieved in one hydrogel sample, but with much
lower stiffness than achieved here, of the order of 100 kPa, and without systematic study of the

strength of the interface [125].

4.3.6 Micro-CT imaging and Digital Volume Correlation

The aim here was to correlate the measured 2D surface strain with the 3D strain around the interface,
and to develop a technique which could be applied to mechanical testing of whole devices made from
inorganic-organic hybrids in the future. Zirconia particles were used as image contrast agents as they

are used to give radio-opacity in bone cements [166].

ZrO; incorporation

To incorporate ZrO; particles into the hybrid material they must be added after the formation of the
hybrid sol, as particles added before the polymerisation block the polymerisation reaction and prevent
or slow down the gelation. As such, they were added when the viscosity of the sol was already
increasing, so it was important to ensure that the particles were fully mixed into the sol. Two
concentrations of ZrO; in hybrid sol were tested first, one at 2 mg mL? and the other at 10 mg mL™.
Micro-CT images (2D image of a 3D projection) of these two concentrations are shown in Figure 4.15a
and in Figure 4.15b respectively. The lower concentration gave sufficient patterning for DVC tracking
so was chosen for the lower effect on the properties of the hybrid. It should be noted that the
concentration is only an estimate as not all of the powder is well mixed into the hybrid sol, and gives

an approximate volume percentage of particles of 0.1%.
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A cylinder of Si2.5-PTHF/Si7.5-PTHF was produced with ZrO, particles through the whole cylinder.
Micro-CT images of one cross-sectional area (area perpendicular to the long axis of the cylinder) are
shown in Figure 4.15d and Figure 4.15e for the top (Si2.5-PTHF) and bottom (Si7.5-PTHF) halves of the
cylinder respectively. In fact, a constant concentration of ZrO; through the cylinder was not achieved,

as can be seen by the patches of lower and higher concentration of dots in Figure 4.15d. There was

still enough patterning for DVC tracking.

Figure 4.15: Micro-CT (3D combined image) of two concentrations of ZrO, in hybrid sol at a. 2 mg mL* and b. 10 mg mL, scale bar =2 mm.
c. Photograph of a Si2.5-PTHF/Si7.5-PTHF cylinder with ZrO, incorporated. Micro-CT slices at zero strain in: d. top half (Si2.5-PTHF) of the
cylinder and e. bottom half (Si7.5-PTHF) of the cylinder.

Optimisation of DVC

The pattern achieved with ZrO, particles is shown in the micro-CT image in Figure 4.16a, with an inset
showing the box size used for tracking (cube side length is 492 um = 64 pixels). The type of tracking
(DC, FFT, FFT+DC) was optimised at two different subset (box/voxel) sizes of side length 64 and 112
pixels, from which FFT+DC gave the lowest error in the strain accuracy (Figure 4.16b). Strain accuracy

refers to the average in the strain measured and its standard deviation, over the unloaded zero strain
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scans. Then, considering only the FFT+DC tracking method, the overlap of voxels was trialled at 0, 50
and 75 %. Overlapping improved spatial resolution without decreasing the size of the voxels (which
would otherwise increase the error), however 75% overlap increased the error in the strain and
increased the number voxels by around 10 times, requiring much greater computation. Therefore the

50% overlap was chosen as the best compromise (Figure 4.16c.).

The subset size was optimised using 50% overlap and FFT+DC tracking at cube side lengths of 16, 32,
64, 112, 224 pixels. Decreasing the subset size improves the spatial resolution but the error in the
strain measured increases. Therefore 64 pixels was chosen as the smallest subset size without

significant increase in error (Figure 4.16d).
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Figure 4.16: a. Micro-CT image of pattern produced in Si2.5-PTHF hybrid by addition of ZrO; particles, with inset showing
the DVC subset size: cube of side length 492 um = 64 pixels. b. DVC optimisation of the method used: FFT+DC was selected.
c. Optimisation of the overlap of the voxels, from which 50% was selected. d. Optimisation of the subset size of which 64
gave the best compromise of accuracy and spatial resolution.
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DVC of two-phase cylinder

Correlation between boxes can be lost when the sample is load, for example by distortion of the dots
themselves (which should not occur here) but also by distortion of the pattern inside an individual
box. In other words, high strains not only move the pattern but additionally causes the dots to not
move uniformly relative to one another inside an individual box. This led to a loss of correlation when
under load, particularly at high strains, leading to DVC measuring non-existent strains in the material.
This was checked by increasing the box size (which decreases the error but loses spatial resolution) to

ensure that the strain measured was consistent.

Figure 4.17a-c show the micro-CT image of the whole cylinder at 0, 10 and 20% nominal strain, of
which a central portion was analysed by DVC to avoid edge effects (total cylinder width = 9 mm). The
first thing to note is that the interface was not horizontal across the sample: rather it dropped at the
edges, which may be a consequence of the surface of the first hybrid added to the mould having some
affinity to the mould surface. Figure 4.17b and Figure 4.17c also show the progressive barrelling of the

less stiff phase.

The DVC data shows a complicated strain map at both strains. Figure 4.17d and Figure 4.17e show the
strain in the vertical direction parallel to the applied force at 10 and 20% nominal strain respectively.
The bottom stiffer half shows between 0 and -0.05 strain, as expected as the stiffness was much
greater than the top half which had lower silica content. Going up from the bottom half, across the
join interface, the strain gets more compressive (negative) close to the interface, consistent with what
was seen with DIC on vertical compression test (Figure 4.13). However, after this, the strain map is not
straightforward to relate to the DIC experiment. Moving upwards away from the interface, there is a
region of tension, then a region in compression before finally the contact with the platen (this shows
up in red at the top of both strain maps). The maps are consistent between the 10% and 20% strain
conditions with more negative compressive strain readings in those areas that show compressive

strain.

The unexpected strain distribution could be a result of one or more of the following causes. Firstly,
the platen used for loading the sample was not completely flat, due to the constraints of the design
of the rig to fit inside the Micro-CT. This creates an uneven loading scenario at the top surface and
may mean that one side of the cylinder was under greater load than the other side. Secondly, the
samples showed significant extrusion perpendicular to the applied force. As a result, the strain in the
less stiff phase was much more complicated than the expected: compressive strain only in the less
stiff (Si2.5-PTHF) region, greatest close to the interface, and close to zero strain in the Si7.5-PTHF

region.
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Therefore, this requires further work to understand the strain distribution through the sample and
indicates that the interface is not a straight line through the sample. Improved understanding of the

synthesis procedure and viscosity of the sol are required.
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Figure 4.17: Micro-CT images of Si2.5-PTHF/Si7.5-PTHF with 2 mg mL ZrO, particle incorporation at a. zero strain, b. 10 %
and c. 20 % nominal strain (scale bar = 2 cm), along with the DVC maps of the strain in the horizontal direction (long axis of
the cylinder) at d. 10 % and e. 20 % nominal strain in the centre of the cylinder (total width = 9.04 mm). The labels indicate
the movement of the platen (arrow), the hybrid compositions and approximate position of the interface in d. and e.

This is an innovative approach to try to characterise multi-phase hybrids: ZrO, incorporation gives a
successful technique for formation of a pattern for DVC tracking in Micro-CT that could be used in
conjunction with the work in the next chapter on device development to understand the 3D strain in

an IVD replacement device, comparing with the same experiment in human IVDs.
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4.4 Conclusions

The tuneable properties of the hybrid system along with its gradual gelation period were employed
together to produce multiphase hybrids with a variation in silica content, and therefore stiffness,
through a single specimen. It was possible to join SiO,-PTHF hybrids at any time up to 3 days ageing,
after which the shrinkage of the hybrid led to internal stress of samples. Over the height of a 15 mm
cylinder, the maximum difference in inorganic content produced was 6 to 42 wt.% SiO, which

corresponds to a 50 times difference in the stiffness at 10% strain of 4 to around 200 MPa.

Two-phase samples were formed using identical composition hybrids which allowed the isolation of
the effect of the formation of the interface. In tension, samples formed at 2 hours ageing time were
at least as strong as the single phase material. A strong bond is formed at the interface even at the 3
day ageing time, demonstrated by the fact that samples joined at 3 days ageing time failed more often
away from the interface than at it in tension. There is the potential to extend this method of joining

hybrids to other sol-gel hybrid systems that show a gradual gelation period.

Digital Image Correlation was used to map the strain concentration around the interface. Using a
horizontal compression test with the interface parallel to the applied stress indicated that the
difference in composition rather than the formation of an interface itself led to strain concentration
at the interface. There was lower strain concentration at the interface for samples joined at 2 hours

ageing time than 1 or 3 days, consistent with the results from tensile testing.

A technique was developed to incorporate zirconia particles into the hybrid material that were used
in Micro-CT imaging under load with Digital Volume Correlation to map the 3D strain through a two-
phase sample. This method could be used in combination with the steps towards device development

set out in the next chapter, in order to image the strain throughout a 3D device.
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Chapter 5

Development of 3D SiO2-PTHF

structures
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5.1 Introduction

SiO,-PTHF hybrids form by a gradual gelation, during which polymerisation continues. This gelation
period can be used as a window for additive manufacturing, during which the gel can be extruded
through a syringe but will hold its own weight and form after extrusion. Importantly, as a subsequent
layer is deposited on top of the previous layer, the layers can merge and continue to gel so that no
interface between them is visible. After printing, the material can be dried to remove the remaining

THF solvent.

The aim of this chapter is the optimisation of the additive manufacturing (3D printing) of the hybrid,
with the intention to use it as a scaffold for cartilage or bone ingrowth. The scaffold could be joined
to a bulk monolithic hybrid in the same way as multiphase hybrids were formed in Chapter 4. An
example could be the addition of porous regions to the top and bottom of the IVD hybrid device to
create surfaces that can bond with adjacent vertebrae or cartilaginous end-plates in the spine for IVD
replacement. The material is not biodegradable, which may seem counter to the approach of tissue
regeneration. However, there are many applications for devices that require fixation to host bone, for
instance the integration of a prosthetic limb following amputation or blast injury. A hybrid could
provide a lower stiffness device relative to porous titanium. A non-degradable scaffold may also be an
intermediate step in the development and marketing of a degradable scaffold of similar composition

for cartilage regeneration.

This chapter will also consider the possibility of forming a device by casting into a closed mould to
form a bulk 3D structure. Two devices were investigated: 1. a meniscus; 2. an IVD. For the meniscus,
the objectives were to: optimise the casting and mould production for a device that can mimic the
stiffness gradient of a natural meniscus; investigate the surface roughness and shrinkage of the hybrid
in a 3D mould; and preliminary compression testing of the resultant device. To simulate the
compression on the meniscus from the femur, a bespoke platen was designed to match the top

surface of the hybrid meniscus.

A hybrid intervertebral disc was formed by the same moulding technique and tested, in collaboration
with the Biomechanics group, Department of Mechanical Engineering, Imperial College London,
against human intervertebral discs in the same loading conditions. To imitate the structure of a natural
intervertebral disc, the hybrids with different composition must be joined concentrically, to provide a

radial variation in stiffness, combining the work of this and Chapter 4.
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MEng student Toby Simpson conducted the injectability tests under supervision of myself and Dr
Francesca Tallia. MSc student Manishankar Chellappan worked on the optimisation of the printing
parameters under my direct supervision. Development of a meniscus sample was performed by MSc
student Seyed Ataollah Naghavi under my direct supervision along with that of Jeff Clark. Testing in
comparison with human IVD samples was done with Jeff Clark, Dr Nic Newell and Saman Tavana, in

the Department of Mechanical Engineering, Imperial College London.

5.2 Methods

The overall aim to produce a printable hybrid ink, in the transition between a viscous sol and forming
gel, was broken down into two stages. Firstly, injectability testing was used as a simulation of printing,
to meet objectives to a) determine the maximum freezing time of syringes before printing, b) the “hold
time” between removal of the syringe from the freezer and beginning to print, and c) the “printing
window” which is the length of time between beginning to print and the ink becoming over gelled (i.e.
the length of printing time). Secondly, trial and error optimisation of the synthesis and printing
parameters were used to optimise the ink for 3D printing. Herein, the synthesis of ink for both parts
is covered together, followed by separate discussion of the injectability testing and printing

procedures.

5.2.1 Synthesis of hybrid ink

The first objective was to produce an ink which is printable, meaning it is possible to both extrude the
ink and for it to maintain its form and hold the weight of subsequent printed layers. A significantly
more gelled hybrid sol is required than that added to moulds in the production of bulk hybrids
(Chapter 3). A hybrid ink was first produced for injectability testing, with no access to the printer, and
subsequently optimised for 3D printing. Thus, the final synthesis procedure used to fabricate scaffolds
differed from that initially used to make ink for injectability testing. The final synthesis procedure is
set out here, with the differences highlighted in Figure 5.1. The printability of the hybrid inks depended
on the “interval time,” which is the time elapsed after the addition of the BF;-O(C;Hs); catalyst and
until the hydrolysed TEOS is added, and the subsequent mixing time, which is the time elapsed after

addition of the hydrolysed TEOS until the ink is added to printing syringes.

Hybrid ink for 3D printing was synthesised by the same procedure as bulk hybrids (Section 3.2.1) using
the molar ratios and typical quantities set out in Table 5.1, but with different interval and mixing times.
THF/GPTMS ratio was reduced with respect to that used for bulk hybrid fabrication, from 100 to 80,
to reduce the evaporation of THF. TEOS/GPTMS ratio was varied in the printing optimisation and will

be discussed in Section 5.3.2.
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Table 5.1: Molar ratios and typical synthesis quantities used to synthesis hybrid inks, where x is the moles of TEOS and a is
the moles of GPTMS.

. Typical
Reagent Molar ratio .
quantity (mL)
GPTMS a 1.33
BF3-O(C;Hs)2 0.25a 0.185
THF 80a 38.9
TEOS x=5a 6.70
H,O 3a +4x 2.48
1M HCl (1/3 volume of H,0) 0.83

For the first part of this chapter on injectability testing (Section 5.2.2), the ink was left to stir in an
open pot to further evaporate THF, continuing the gelation process until the ink was sufficiently
viscous for printing. This viscosity was termed the ‘threading point:’ a hybrid gel had sufficient viscosity
such that when a pipette of gel is pulled from the pot, a continuous filament formed between the end

of the pipette and the sol, as shown in Figure 5.1a.

Conversely, for 3D printing, the ink was left to stir in an open pot for a longer time period of 1-2 hours
and did not reach this threading point before addition of the ink to the syringe, because of the change
in the synthesis procedure (Figure 5.1b). This procedure was a result of trial and error in printing and

will be discussed in Section 5.3.2.

Hybrid sol-gel “ink” was placed into a capped 3 mL Luer-lock syringe (VWR, UK), sealed with parafilm
and foil, and stored at -80°C, so as to reduce the speed of the gelation process as well as the
evaporation of THF. However, since the freezing point of THF is -108°C we hypothesised that the
gelation and evaporation continued at -80°C at a much slower rate. The effect of freezing time was

investigated using injectability tests.
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Pot A:TEOS hydrolysis

TEOS +H20 + HCI

Pot B:Cationic ring
polymerisation

THF + GPTMS + BF3:O(C2H5)2

1.5h @ 20°C

~10 mins @ 20°C 7 mins @ 20°C Interval time

) Pot A+B: Hybrid sol

SiO;-PTHF

20 mins il-z hours Mixing time

Injectability o
testing 3D printing

‘
Figure 5.1: Synthesis protocol highlighting the differences in interval and mixing times when making the ink for
injectability testing and 3D printing, along with photographs of a. Hybrid solution at the threading point, forming

a continuous filament to the pot, the point at which the ink was added to syringes for injectability testing, and
b. droplets of the less gelled condition of the hybrid solution at which ink was added to syringes for 3D printing.

133



5.2.2 Injectability testing

The objective of this work was to define a set period in the gelation of the hybrid at which the ink was
printable, comprising of the hold time between removal from the freezer and beginning printing, and
the subsequent printing time (“printing window”), relating this to the force required to extrude the

ink. This was then used to investigate the limit in the freezing time for syringes.

Printing window

The viscosity of the ink increased with time as the polymerisation progressed and THF evaporation
occurred. In order to successfully print, it must be possible to extrude the ink from the syringe, and
the ink must also be sufficiently viscous to maintain the printed structure and support the weight of
additional layers. This range of printable viscosities corresponds to a range of time in the gelation of
the ink (printing window). In reality, this can also be affected by other variations in the synthesis
procedure, but in this section it will refer to the time since defrosting for syringes that have been

frozen with the ink at “threading point” in gelation stage, defined in Section 5.2.1.

Injectability test set up

Injectability testing was done by MEng student Toby Simpson and under supervision by myself and Dr
Francesca Tallia. The objective was to define a printing window and determine the maximum freezing
time at -80°C. It was not possible to directly measure the viscosity of the ink in a rheometer due to its
corrosive properties and the fact that the gelation rate will be increased by exposing a large surface
area to the air (compared to a closed syringe), due to the increased evaporation of THF on the gelation
rate. Thus, the injectability test was used as an indirect measurement, in the set up shown in Figure
5.2, in which the syringe was aligned vertically in the holder and compressed at a fixed displacement
rate whilst measuring the force required. The displacement rate of 0.72 mm min™ was calculated
according to Equation 5.2, as that used during robocasting following the initial printing parameters as
used by Dr Tallia [110] and the test was run until the force reached a plateau. This set up follows
Franco et al. as a model for the extrusion of inks during robocasting [167]. A Zwick testing machine

was used with 10 kN load cell, in displacement control.
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Figure 5.2: Injectability test set up. The force required to move the
crosshead at 0.72 mm min-l, extruding the syringe, was measured until
the force reaches a plateau.

The extrusion ratio is an area ratio between the syringe (diameter = ¢s) and the tip (diameter = ¢y,
Equation 5.1. For the robocaster set up, the required pressure is applied based on the inputted ¢: and
printing speed, which are the only variables that can be inputted to the software (from which the
software then calculates the required printing pressure). Therefore, if increased extrusion pressure is
required because of the nature of the ink, the only way to adjust this is by inputting a false larger ¢
to the software. In this case, to give sufficient extrusion pressure it was necessary to give the inputted
value of the tip diameter as 0.33 mm, larger than the true value of 0.20 mm. ¢ was subsequently

optimised for printing in Section 5.3.2.

Equation 5.1

®2
Extrusion ratio, ER = —;
S

Inputting ¢s = 9.54 mm and ¢ = 0.33 mm into Equation 5.1 gives an extrusion ratio of 1.20 x 107, For
injectability testing, a displacement rate must be calculated for moving the syringe plunger. The
equivalent displacement rate for the initial printing conditions was calculated by Equation 5.2, where

the printing speed, Vprinting = 10 mm s, as 1.20 x 102 mm s = 0.72 mm min’. The initial printing speed
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and tip diameter used were based on those chosen from the work of Tallia et al. on 3D printing of the

SiO,-PCL-PTHF system [12] and were then varied as described in Section 5.3.2.

Displacement rate, DR = ER X Vprinting Equation 5.2

To determine the volume printed in a given time, the deposition rate can be calculated via Equation
5.3 as 52 mm3 min™ = 0.052 ml min* (for ¢+= 0.33 mm and Vprinting = 10 mm s). The total volume of
the syringe is 3 mL so would take one hour to print, assuming continuous printing. This is important
when considering the effect of holding time (time between removal of the syringe from the freezer
and commencement of printing).

bs

2
1
Depositionrate,VR = DR X T X (7> = Z(,btznvprinting Equation 5.3

The extruded ink was collected and examined by eye and SEM to assess the filament quality. There
was no account taken of the compliance of the plastic syringe itself but this was constant between all

tests.

Effect of hold time

Injectability tests were done on the same ink, frozen for 3 days at -80°C before testing, at zero hour
and three hours after removal from the freezer (0 to 3 hour ‘hold time’) to investigate the rate of
increase in the injectability force with time, as the ink gels. This linked the injectability force at zero

hours with the time taken for the ink to become printable.

To investigate the printing window continuously over a period of 40 minutes, a stepwise test was used
in which the strain was increased by 1.44 mm over 2 minutes (displacement rate = 0.72 mm mint)
followed by a hold of 4 minutes before the next step, as shown in Figure 5.3. This test was run over 40
minutes, which gives a total extruded volume of 2.08 mL (extrusion rate = 0.052 mL mint), below the
3 mL capacity of the syringe. SEM imaging of the filament produced at different times over the test

linked the strut morphology with the printability.
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Figure 5.3: Stepwise injectability testing. Each 6 minute cycle consisted of 2 minutes of
compression at 0.72 mm min followed by 4 minute hold. The force applied to achieve this
displacement of the syringe plunger was measured.

Effect of freezing time

Freezing the inks is a practical solution to allow batches of syringes to be produced from a single
synthesis and printed at different times. A batch of syringes was frozen from a single synthesis and
the injection force measured after they were frozen for one day (19-20 hours), 15 days (353-354
hours) and 29 days (690-692 hours). The force was measured as soon as the ink had defrosted to
investigate the effect of prolonged freezing at -80°C and to determine the standard procedure for
storing of inks. This also investigated whether the gelation process (polymerisation and evaporation

of THF) was ongoing at -80°C.

Effect of interval time

Subsequently to the injectability testing, it was found that inks produced in this way using a longer (9
minutes or more) interval time and freezing at the threading point did not produce ink with good
printability. The practical printing window was very small with the ink quickly become over gelled.
Therefore, the synthesis method was altered to use a shorted interval time of 7 minutes and longer
mixing time of at least 1 hour before ink was added to syringes. The differences in the synthesis

procedures were highlighted in Figure 5.1.
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5.2.3 Scaffold fabrication

3D printing

Hybrid inks were synthesised as set out in Section 5.2.1 from the Si5-PTHF composition, using a 7
minute interval time and minimum 1 hour stirring of the hybrid sol before adding to syringes. The
syringes were stored at -80°C for a maximum of 3 days before printing. After removal from -80°C
freezer, syringes were left for between 1 and 6 hours until they reached the required viscosity for

printing.

Robocad software (3D Inks LLC, USA) was used for scaffold design, producing CAD files that were
robotically deposited using a Robocaster (3D inks LLC, USA). The aligned pore 3D lattice structure was
kept constant, based on previous work [12] indicating that this promotes tissue ingrowth and
vascularisation. The lattice was printed with a continuous filament with subsequent layers at 0° and
90°. The initial intention was to produce channel sizes of 200 um, as discussed in Section 1.5, however

the optimisation of the printing procedure was done to create a 40-layer scaffold in the first instance,

which required increase of the channel size.
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Figure 5.4: a. Robocaster, b. iso view of 40-layer scaffold, and c. top view of the scaffold pattern showing the aligned lattice
structure.

Printing parameters

Optimisation of the printing parameters was conducted with MSc student Manishankar Chellappan.
Variable parameters were flow rate, printing speed, z-spacing (height distance between subsequent
layers), road width (width distance between centre of adjacent struts on the x-y plane lateral a of the
lattice). The ranges used for different groups of syntheses in the optimisation process are set out in
Table 5.2. Table 5.3 gives the staggered z-spacing used in Group C. These were controlled by direct
input into the Robocad software except the flow rate which is indirectly controlled via changing the
inputted value for the printing tip size. Tips of diameter 0.20 mm (Nordson EFD, UK) were used and

the scaffold was printed onto the paper side of a secured sheet of parafilm.
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Table 5.2: Printing parameters used in different synthesis groups during optimisation process. * refers to staggered z-

spacing
Flow rate z-spacing Speed Road width
Group - 1
(mL min™) (mm) (mms™) (mm)
A 0.031 0.21 10 0.6
B 0.031 0.21-0.24 6-10 0.6-1
C 0.031 0.24,0.24-0.32* 7-9 0.75

Scaffold ageing and drying followed the same procedure as for bulk samples (Section 3.3.3): sealed at
40°C for 3 days, followed by gradual opening over 1 week to prevent sudden evaporation of the
solvent and damage to the scaffold. Scaffolds were then dried for a further week in open pots and

stored at 40°C prior to mechanical testing.

Table 5.3: System of staggered z spacing to counteract spreading of the solution and tip crashing

z-spacing (mm) Layer number

0.24 0-7

0.26 8-15
0.28 16-23
0.30 24-31
0.32 32-40

Total 40 layers

5.2.4 Scaffold characterisation

Inorganic/organic ratio

The final silica content was determined by TGA as for the bulk hybrid samples (Section 3.2.1).

Compressive testing to failure

Uniaxial compression testing of scaffolds was carried out on Bose Electroforce Series Ill machine with
load cell of 450 N, in displacement control at 0.5 mm min. Scaffolds were cut into cubes of
approximately 5 x 5 x 5 mm and measured prior to testing. True stress and strain (c°, €') were

calculated according to Equations 2.4 and 2.5 and five scaffolds were tested.

The stiffness of the scaffolds was calculated at 10% true strain as the tangent to the curve at this point,
and failure was determined as the first cracking, from which maximum compressive strength is

calculated. The mean and standard deviation from five tests was calculated.
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Dynamic Mechanical Analysis
DMA was conducted as described in Section 2.4.2, at 3 frequencies (0.1, 1 and 10 Hz) and over 3
different compressive strain ranges (€ =1 to 5%, 5 to 9 % and 9 to 13 %). One scaffold was tested as a

preliminary investigation.

Imaging

Samples were coated with 30 nm chromium and imaged in JEOL JS-6010LA scanning electron
microscope. Scaffolds were sectioned by cutting with a razor blade in the horizontal and vertical
direction for SEM imaging of the internal surfaces as well as the top surface as printed. Image) [141]

was used to determine the average channel size in the horizontal cross section.

5.2.5 Moulding a meniscus

Design and testing of a hybrid meniscus was conducted by MSc student Seyed Ataollah Naghavi under
direct supervision by myself and Jeff Clark. The objective was to investigate whether it was possible
to form a 3D moulded structure as the first step towards a cartilage replacement implant. It was
hypothesised that introducing a complex mould profile may affect the shrinkage or lead to uneven
shrinkage of the hybrid gel, therefore the first mould produced was straight mould with cross-section
shape based on the natural meniscus. Two pins were added to allow addition of hybrid solution and

escape of air.

The next iteration of design was a curved hemispherical meniscus with 3D profile (shaped on top and
bottom halves of the mould). The shrinkage was measured in 6 directions and the surface roughness

was measured on each of the 4 surfaces.

Moulds were designed using Solid Works (resolution tolerance = 0.5 degrees and deviation of 0.007
mm) and manufactured by CNC drilling with a path interval of 0.01 mm into PTFE blocks supplied by
Cowie Technology UK. Roughness measurement were carried out by White Light Interferometry

(WLIF) (Vecco instruments, NY, USA) with Vision for Profilers software.

Mechanical testing

For mechanical testing, a steel platen was designed with the inverse curvature of the hybrid meniscus
sample, taken from a 3D scan of the sample. The aim was to simulate the compression from the end
of the femur, with the contact area equal to the top surface area of the meniscus. The platen was
machined from stainless steel by Mr Russell J Stracey (Imperial College London). Cyclic compression
was conducted to 10 cycles at a rate of 10 mm min* and 10 N preload. Then the same sample was

tested in compression to failure at a rate of 1 mm min™.
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The two end surfaces of the hybrid meniscus were patterned using ink pen and photographs were
taken every second of the testing for use in Digital Image Correlation, DIC (as for Section 4.3.5). The

camera was positioned opposite to the two end surfaces as shown in Figure 5.5.

Front Views Side View
Rig
Applied i Digital I
Force (DIC)

Hybrid
Meniscus

Camera

(a) (b) ()

Figure 5.5: Schematic of the compression rig for testing the artificial meniscus: (a) before applying the load, (b)
after applying the load, (c) side view. Schematic drawn by Seyed Ataollah Naghavi.
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5.2.6 Hybrid IVD device

One of the challenges in comparing mechanical properties of biomaterials with the natural tissue or
structures they would like to simulate is testing both in the same conditions. To attempt to do this, a
collaboration was begun with Jeff Clark, Saman Tavana and Dr. Nic Newell in Biomechanics, Imperial

College London, following their work on mechanical testing and imaging of human IVDs [168, 169].

A mould was designed to the average dimensions of the human intervertebral discs that they tested,
in an idealised ellipse shape and increased by a factor of 1.5 to account for shrinkage (as calculated in
Section 3.3.2, shown in Figure 5.6. The mould was produced by CNC milling with the same settings as
for the meniscus mould (Section 5.2.5). The height of the sample was variable by the depth filled in

the mould, targeted to produce a final sample height of 10.4 mm.

Mechanical testing

To compare directly with the mechanical properties of human IVD, hybrid samples were tested with
the same dimensions in identical test set up to that used by Newell et al. [31]. Samples were tested at
strain rates of 0.01, 0.1 and 1 s to 10% of their initial height on Instron 5565 testing machine (Instron
Ltd., High Wycombe, UK) and strain measured using LVDTs (D6/05000ARA, RDP Electronics Ltd.,
Wolverhampton, UK) fitted with an in-line 10V amplifier (E747, RDP Electronics Ltd., Wolverhampton,

UK). Samples were ground with sandpaper to flatten the top surface before testing.

30

45

Figure 5.6: Dimensions of IVD mould, scaled to 1.5 times the desired
dimensions to account for shrinkage. Units = mm

142



5.3 Results and discussion

5.3.1 Injectability tests

Definition of printing window

The printing window refers to a period in the gelation of the ink during which it can be successfully
printed. Before this time the ink is not sufficiently gelled and will not hold its form after extrusion
(under gelled), and after this time the ink will be too gelled for extrusion leading to an uneven, lumpy
filament and deformation of the syringe (over gelled). Without a defined printing window, it is
necessary to test the printability of each syringe at regular time intervals, wasting ink and potentially
altering the progress of the hybrid gelation as large forces are passed through the syringe which can
shear the gel (it was noticed that inks that were repeatedly tested at the printer never reached good

printability).

However, the definition of a printing window is complicated by the nature of the living polymerisation
and lack of precise control of the reaction. A small change in the synthesis procedure, e.g. a shorter
interval time, can lead to a large change in the gelation time and printing window. This is discussed
further in relation to actual 3D printing in Section 5.3.2. The first conclusion from this work was that
this window cannot be specified without further control of the polymerisation. Following this
realisation, the next stage was to work backwards from achieving a printable ink to determine the

ideal synthesis parameters.

A crosshead displacement of 0.72 mm min™ was calculated from the initial printing parameters in
Section 5.2.2. If the ink extruded from the syringe at 0.72 mm min* produced an even filament that
retains its shape, the ink was considered “printable”. Over a range of syntheses, the force required to
achieve 0.72 mm min was 10-60 N when the ink was deemed printable. This is consistent with the

force required for injection of other inks for 3D printing [135].

Effect of hold time

Hold time was defined as the time period between the removal of the syringe from the freezer to the
time of printing. Hybrid ink was added to the syringes at a series of five minutes intervals after the
threading point was reached (A =5, B = 10, C = 15, D = 20 minutes after). The ink defrosted quickly
after removal from the freezer and was fully liquid after around 5 minutes. When held at room
temperature, the gelation continued at an appreciable rate, meaning that the injectability force
required to give a displacement rate of 0.72 mm min™ increased as hold time increased. In fact, after
3 hours hold time, the force did not reach a plateau as the solution was over gelled. The force kept

increasing and finally resulted in deformation of the syringe itself.
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Figure 5.7 shows the injectability force at 0 hour hold and 3 hour hold for syringes filled at five minute
intervals after the threading point. No difference was seen in the behaviour of inks added to syringes
at 5-20 minutes after threading (A-D) at 0 hours or 3 hours (curves overlap), therefore the moment of
putting ink into syringes is not an important factor in their printability, in the range of 0 — 20 minutes
post threading point. The force required increased by around three times from 0 hour to 3 hours hold,

however never reaches a plateau at 3 hour hold time.
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Figure 5.7: Injectability force required to achieve a crosshead displacement rate of 0.72 mm min at

0 hour hold time (immediately on defrosting) and after three hours at room temperature for syringes

from one synthesis that had been frozen for 3 days. The labels A, B, C, D refer to the order that hybrid

sol was added to the syringes before freezing, at five minute intervals (A=5, B=10,C=15, D =20

minutes after threading point), however there is no clear correlation between this and the

injectability force.
The silica content of the ink extruded in the experiment in shown in Table 5.4, indicating a possible
small increase in the inorganic component of the hybrid produced after the 3 hour hold time. This is
consistent with the continued evaporation of THF during the hold period. However, the error in the
TGA from repeat measurements was around + 0.5 wt.% so further investigation would be needed to

confirm this.

Table 5.4: Silica content of extruded ink at 0 hour and 3 hour hold times.

Syringe wt.% SiO>
Oh 3h
A 21.2 21.7
B 21.4 215
C 21.0 21.7
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Stepwise injectability testing

Running an injectability test over a longer time allows investigation of the gradual increase in the
gelation, and thus the force required for extrusion, over time. To do this, a stepwise test was used
with 2 minutes of displacement followed by a hold time of 4 minutes. The gap between steps was
limited by the evaporation of THF at the tip of the syringe which can lead to blockages and a therefore
a higher force reading. Measuring from the previous trough, the increase in force for each step
increased from 6 N for the first cycle to 57 N for the eighth cycle at 42 minutes (Figure 5.8a).
Observations of the filament (Figure 5.8b) produced showed that the ink was printable from the
second cycle onwards, consistent with the 10-60 N printable range. The SEM of the filament (Figure
5.8c-e at around 10, 30 and 50 minutes respectively) shows an increase in the surface roughness of
the filament over time. This could be due to the ink being more gelled as it is extruded and the higher
forces at the tip, so the surface is distorted and holds the shape after extrusion. This test shows that

the syringe remains printable for its entire volume (3 mL).
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Figure 5.8: Stepwise injectability testing over 50 minutes. a. the measured force required for the displacement steps,
b. the filament produced over the total time of the test and c., d. and e. show SEM images of the filament at the points
labelled, at around 10, 30 and 50 minutes respectively. Scale bar = 100 um. The initial ink extruded did not retain the
shape of the filament and therefore was not imaged.
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Effect of freezing time

It is advantageous to be able to store syringes between synthesis and printing, so that multiple
syringes can be filled in batches and printed at different time. The syringes were stored at -80°C, above
the freezing point of THF (-108°C), so it was hypothesised that the gelation of the ink would continue
but at a reduced rate. The effect of the time spent frozen at -80°C on the plateau force required to
achieve 0.72 mm min* crosshead displacement (corresponding to the extrusion rate as calculated by
Equation 5.1) is shown in Figure 5.9. After 15 days, the injection force increased by a factor of around
five, increasing to seven after 29 days. This confirmed the continued gelation of the hybrid ink at -80°C
and indicated that it was not possible to store the syringes for longer than approximately one week
before printing. The printing window corresponds approximately to an injection force of 10-60 N

(shown as a purple shaded region).

However, printing forces plotted in Figure 5.9 are those at 0 hour holding time. In order to print
multiple scaffolds for a single syringe the printing force must stay within this range for the required
time period. As an indication, the time to print a 40-layer scaffold is 15 minutes, so a one-hour printing
window enables printing of four scaffolds. This means that the force required for extrusion needs to
be below around 20 N at 0 hour, so that after 1 hour it is still below 60 N: the ink remains printable
for the following hour. This reduces the ideal freezing time to a few days, assuming a linear

interpolation.
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Figure 5.9: The injectability force required to give a crosshead displacement of 0.72
mm min7 as a function of the freezing time of the syringe at -80°C. The purple box
shows the estimated printable range of forces.
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Mean and standard deviation of nine syringes were taken for each data point. All syringes came from
the same synthesis for consistency and no variation was seen between syringes frozen at 0, 5 or 10
minutes after the threading point. The synthesis procedure for the hybrid inks differed between the
injectability testing and the 3D printing. However, the results that: (1) a syringe is printable for 40
minutes continuously and (2) the syringes should be stored for a maximum of 3 days before printing,

are still applicable.

5.3.2 Scaffold fabrication

When 3D printing, more information is available with which to optimise the printability. Injectability
testing relies on the appearance of the extruded filament, whereas for 3D printing, the spreading of
the ink after printing, the structural integrity of a multi-layer scaffold and the adhesion between
subsequent layers must additionally be considered. In this section the optimisation was done by trial
and error of layer-by-layer printing, which resulted in a change to the procedure for the synthesis of

the hybrid ink and to the parameters for printing set up in the Robocaster.

Observations of synthesis

The initial composition of Si5-PTHF, following the initial synthesis method of reaching a threading
point then adding the ink to a syringe, could not print more than a few layers before collapse. Si7.5-
PTHF ink was fabricated to try and increase the structural integrity of the scaffold, however in this
case the filaments were uneven and stretched to breaking apart in some places as shown in Figure
5.10a. The increased silica content meant the filaments had insufficiently elasticity for printing. Even
though the Si5-PTHF has a lower silica content, there was still a problem with its printability (Figure
5.10b) as the ink was extruded in an uneven manner. This meant that although a the first few layers
were printed well, there were lumps at certain points into which the tip subsequently crashed.
Therefore, optimisation of the synthesis process was required to make this composition printable,

rather than altering the composition.

Figure 5.10: SEM of a. Si7.5-PTHF printed structure, showing over-stretched and uneven
filaments which break up as highlighted, and b. Si5-PTHF with a more even structure (still with
stretched filaments).
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The interval time refers to the time elapsed between the addition of BF3-O(C;Hs), to catalyse the
polymerisation, and the subsequent addition of hydrolysed TEOS. When the interval time was
shortened during the synthesis, i.e. the hydrolysed TEOS was added earlier to the polymerisation, this
resulted in longer mixing times, without ever reaching the point of threading (as was used in making
ink for injectability testing) even after several hours under stirring. It was noticed that those inks with
shortened interval times and longer mixing times resulted in improved printability, with an even
extrusion of the ink. The relationship between interval times and mixing times is shown in Figure

5.11a, where all the syntheses had the same starting composition of Si5-PTHF.

If adding the hydrolysed TEOS earlier terminates chains in the polymerisation of THF, the consequence
should be that less THF participates in the reaction and therefore a higher silica content should result
from the use of a shorter interval time. Measuring the final inorganic content showed wt.% SiO, was
increased as expected when interval time decrease from 9 to 7 minutes, starting from identical
synthesis reagents, Figure 5.11b. This may be because a shorter interval time leads to a longer mixing
time, implying a longer period of polymerisation and evaporation of THF, leading to better printability

due to less shrinkage of the struts after extrusion. Therefore, it was decided to use a short 7 minute

interval time for producing the ink.
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Figure 5.11: a. Variation in the interval time (listed along y axis) between addition of BFs-O(C;Hs); catalyst and the hydrolysed
TEOS, with the subsequent mixing time taken before the hybrid sol is added to syringes. The end of the mixing time corresponds
to the threading point except when the interval time was 7 minutes and in that case the sol never reached the threading point.
b. TGA and DSC curve for two of the syntheses with interval times of 7 minutes (blue, t) and 9 minutes (purple, *). Reducing the
interval time increases the final inorganic content of the printed scaffold from 21.4 to 26.8 wt.% SiO,. All the syntheses are from

the same starting reagents, Si5-PTHF.
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Optimisation of printing parameters

This work began as an extension of the printing of the SiO,-PCL-PTHF system by Tallia et al. [12, 110]
but the absence of the PCL component changed the gelation properties of the hybrid system: the sol
had to be at a later stage in gelation to be printable. Although the initial printing parameters that were
trialled were successful printing conditions for SiO,-PCL-PTHF, printing for the SiO,-PTHF system had

to be optimised from scratch.

There is a constant trade-off between different parameters in printing: increasing the printing
pressure requires increasing the printing speed to deposit the same volume; printing an ink with a
high viscosity requires increased flow rate to produce the same printing pressure to produce the same
volume of filament. Since it is not possible to directly alter the pressure applied by the Robocaster
using the software, it is necessary to change the inputted tip diameter (which is how the machine
calculates the pressure required) to indirectly alter the applied pressure. Inputting a large tip diameter

results in an increased flow rate and a higher pressure to have a continuous filament.

To counteract the stretching and breakage of filaments seen in Figure 5.10b, a higher printing pressure
was needed to achieve a continuous filament. The flow rate was therefore increased by inputting a
large tip size into the printer (tip diameter, ¢ = 0.41 mm, producing a flow rate of 0.063 mL min?).
The printing speed was also decreased finally to 8 mm s, which further increased the volume of
material deposited. The spacing between struts in one horizontal layer, called the road width, was
increased to account for the larger volume of ink deposited. The iterations of the variation in printing

parameters are shown in Table 5.5.

When higher pressure is required to extrude the continuous filament, as in this case of increasing the
flow rate to 0.063 mL min, the ink continues to extrude even after stopping the printing. This higher
pressure seems to cause expansion or spreading of the filament after extrusion, which results in the
printing tip beginning to crash with previous layers after printing the first few layers. This is because
the z-spacing is calculated based on the size of the tip (0.21 mm) but the expansion means this is not
the correct distance as the layers increase in number, for example layer 9, after 8 layers of printing
have all been slightly thicker than 0.21 mm. To counter this effect, a system of staggered z-spacing
was developed by increasing by 0.02 mm every eight layers. This ensured that the tip remained at

around the same distance from the previous layer all the way through the printing.
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Table 5.5: Printing parameters varied in the optimisation process. * indicates a staggered z-spacing of 0.02 mm every 8
layers. Group C with flow rate of 0.063 mL min, staggered z-spacing and a speed of 8 mm s resulted in successful printing
of a 40-layer scaffold.

Flow rate z-spacing Printing speed Road width
Group ) Comments
(mL min?) (mm) (mms?) (mm)
A 0.031 0.21 10 0.6 Filament breakage
B 0.031 0.21-0.24 6-10 0.6-1 Tip crashing
C 0.031-0.063  0.24, 0.24-0.32* 7-9 0.75 Successful printing

5.3.3 Scaffold characterisation

Using the staggered z-spacing method, 40-layer scaffolds were successful printed as shown in Figure
5.12a, with a final silica content of 27.7 wt.% SiO,. SEM imaging shows the top surface (Figure 5.12b)
and internal slices in the vertical (Figure 5.12c) and horizontal (Figure 5.12d) directions. The latter
shows line of sight interconnected channels through the structure and bonding between the struts of
different layers at the crossing points. This real fusion between struts from different layers, in the
same way that multiphase hybrids were formed in Chapter 4, means that the scaffold has a continuous

structure which may improve its mechanical properties [12].

Imagel) was used on a larger image of the horizontal slices to measure the average pore channel size
as 300 % 50 um. This was slightly larger than the channel size of around 200 um formed with SiO,-PCL-
PTHF scaffold by Tallia et al. [12], but is smaller than those in similar hybrid systems for example 550
um in gelatin-bioactive glass [137], 620 + 40 um in bioactive glass scaffolds [170]. Further work on the

direct printing of this hybrid system could aim to reduce the channel size to the target level.

The pores in the vertical slice (Figure 5.12c), which are those running laterally through the scaffold as
printed, are less regular than in the horizontal slice, partially due to collapse of the scaffold during
printing but also due to damage and smearing caused by the sectioning itself (cutting with a razor
blade) in order to image them. This is a problem seen in other hybrid inks [131, 171] that requires
further optimisation of the ink and printing conditions to address. The total printing time for the
scaffold is 17 minutes, during which time the ink continues to gel, so parts of the scaffold that are
printed later will experience a lower contraction that the initial layers. It is also important in future to
consider the effect of the staggered z-spacing, which may create a pore size variation from the bottom

to top of the scaffold.
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There was significant shrinkage of the scaffolds on drying and the filament morphology shows higher
roughness due to the evaporation of solvent in the outer layers whilst printing was ongoing and
shrinkage of the scaffold after printing. The roughness is higher than that seen in injectability testing
(Section 5.3.1), possibly due to the higher extrusion pressure used. Cell attachment and differentiation
including that of chondrocytes has been seen to improve with greater nanoscale roughness [172, 173]

however, cell studies on 3D printed SiO,-PTHF scaffolds would be needed to confirm this.

Figure 5.12: a. 3D printed scaffold and SEM images of its b. top, c. vertical internal and
d. horizontal internal surfaces. Scale bar = 200 um. Hybrid composition Si5-PTHF with
final inorganic content of 27.7 wt.% SiO,.
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Compression testing

Si5-PTHF scaffolds with final inorganic content of 27.7 wt.% SiO, were cut with a razor blade prior to
testing to give an even cubic shape. At the start of the test there was in some cases a small breakage
of struts in contact with platens, which was not considered as a failure event. The difficulty in getting

a flat top and bottom scaffold surface also increased the variability of the results.

Four compression tests are shown in Figure 5.13a, with the failure points marked, and a photograph
of the set-up is shown in Figure 5.13b. True stress and strain values are reported as the scaffold
deformation was much less than that of the monoliths tested in Chapter 3. This gives a preliminary
estimation of the compressive strength of the scaffolds as 1.3 + 0.5 MPa, which was similar to SiO»-
PCL-PTHF 3D printed scaffold with 24.7 wt.% SiO, and pore size = 200 um developed by Tallia et al.
[12] and to that of PCL and polylactide-co-glycolide scaffolds with 0.6-10 MPa (51.5-80.9 % porosity)
and 0.53 + 0.07 MPa (pore size 116 um) respectively [174, 175]. As expected, the strength was an
order of magnitude lower than that of bioactive glass scaffolds [170]. It is also significantly below the

compressive strength of articular cartilage at 14-59 MPa [60].

The tangent to the compression curve (6" v €') at €'= 5% can be used as an estimation of the stiffness
of the scaffolds, as for the bulk hybrid samples. This gives a value of Esy, = 10 + 3 MPa which is
consistent with the range of the storage modulus as measured by DMA at (engineering) strain ranges
of 2-5% and 5-9% (Figure 5.13c) but higher than measured values of articular cartilage, for example
bovine articular cartilage equilibrium stiffness at 0.677 + 0.223 MPa [176]. Tan 6 < 0.06 indicating that
the scaffold behaved elastically in this strain range. As for bulk samples, E’ increased with increasing

frequency and strain range, however only one sample was tested in this case.
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Figure 5.13: a. True stress and true strain in compression to failure for 4 scaffolds of the same composition, Si5-PTHF
(27.7 wt.% SiO3), b. the compression test set up, and c. storage moduli (E’) and loss moduli (E”’) measured by DMA of
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5.3.4 Moulding a meniscus

This part of the work follows on from the investigation of shrinkage factor and surface roughness
(Section 3.3.2). The first step was to confirm that the hybrid would conform to a 3D shape on drying,
using a straight mould with a cross-section shape based on the natural meniscus. Then, a 3D
hemispherical mould was produced with improved surface roughness to form a simple meniscus

shape.

The straight mould (Figure 5.14) was very rough and resulted in the curved surface of the sample (C)
having a roughness of close to 7 um (Table 5.6). Si2.5-PTHF hybrid sample produced in this mould
shrank on drying and kept the shape, showing that it was possible to form a 3D structure in this way.
The shrinkage factor was calculated in three directions (Table 5.6) and the average value of 0.6 was
used to calculate the size of the next mould and the roughness was improved by increasing the

precision of the CNC to the settings set out in Section 5.2.5.

Figure 5.14: Straight mould design for a. bottom half of mould, b. top half, c. whole mould and d. resultant
sample labelled with dimensions (lower case) and areas (upper case) for which the shrinkage factors and
roughness were calculated respectively.
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Table 5.6: Roughness and shrinkage factor for hybrid sample made in straight profile mould. Labels correspond to those
shown in Figure 5.14a.

. ) Shrinkage
Surface Ra (nm) Dimension
factor
A 2400 £ 200 a 0.59
B 3180 + 80 b 0.64
C 6700 + 300 c 0.59

3D profile mould

CNC drilling is line of sight and requires a horizontal common surface through the centre of the mould
cavity about which to form the halves of the mould. Therefore, a simplified meniscus shape was
produced, based on average human meniscus dimensions, increased in size by a 60%, the shrinkage
factor calculated above (Figure 5.15a). This shape has curved top and bottom surfaces and forms a
hemisphere with parallel end faces; Si2.5-PTHF hybrid samples were produced in this mould free from
bubbles and retaining the shape of the mould (Figure 5.15b,c). The roughness was lower than that
found for polyurethane implants for meniscus replacement [177]. The roughness measurements and

shrinkage factors for the hybrid meniscus produced are shown in Figure 5.15d.

Ra [nm} . ) Shrinkage
Surface Dimension
+ 40 factor

A 510 a 0.69
B 460 b 0.67
C 590 [ 0.73
D 330 d 0.63

e 0.67

Figure 5.15: a. 3D profile mould design and b., c. resultant Si2.5-PTHF hybrid meniscus. The average roughness of the
hybrid sample was 470 + 40 nm and shrinkage factor 0.68, calculated in the surfaces and directions shown in d.
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Mechanical testing

Hybrid meniscus samples were tested in cyclic compression and then compression to failure on the
same sample, using a platen designed to match the top curved surface of the sample. The force-
displacement was plotted rather than the stress-strain curve due to the complex shape. An estimate
of the stress may be obtained using the area of the top curved surface, and the strain was measured
directly using DIC. The DIC image (Figure 5.16b) shows the principal strain, which is in compression for
most of the sample and in tension for the inner most points. Here the material was extruded out under

the central flat portion of the platen, which can be seen as a tensile strain in Figure 5.16b.

In the same way as for cyclic testing of cylindrical samples, there was a reduction in the loading curve,
most markedly between the first cycle and subsequent cycles, due to the small effect of viscoelastic
behaviour of the material. There could also be an effect of small motion of the sample during cycling,

as it was not fixed in place.

The flaw in this experiment is that it is very sensitive to the positioning of the sample within the platen
and there is no fixation method to make sure that this is the same each time, other than lining it up
by eye. The platen concentrates the stress on the inner part of the meniscus, which may give an

unrealistic picture at high strains.

The force-displacement in compression to failure is shown in Figure 5.16c. The stress was not
calculated for this experiment due to the complex shape. Using the total top surface area of 573 mm?
gives a stress at failure of 4.4 MPa and an initial modulus (tangent to the curve) of 28 MPa. However,
this stiffness is an order of magnitude larger than the measured value for meniscal tissue [56], but
similar to that of polycarbonate urethane trialled for synthesis whole meniscus implants which

showed degeneration of adjacent intact cartilage at 12 months implantation in goats [74].
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Figure 5.16: a. Force-displacement curve for 10 cycles of one hybrid meniscus sample and b., major strain map on end
surface at displacement = 2 mm, Force = 1100 N, shows the extrusion of the thin central edge under the platen. c.

Force-displacement curve in compression to failure.
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5.3.5 IVD replacement device

Total disc replacement devices have been developed that replace the disc with a three-component
system [178, 179] but long term results do not show an improvement relative to the standard
treatment of spinal fusion [180]. Elastomeric implant devices have been developed that instead
attempt to recreate the natural biomechanics of the spine [43], which show a stiffening with increased
applied load [181] and a gradation in properties resulting from the injection moulding manufacturing

technique [127].

The aim with this work is to form a hybrid intervertebral disc, that can mimic the properties of the
natural disc by using the possibility of tuning the hybrid composition to match the stiffness of the

natural disc through the structure.

Hybrid IVDs were formed in an ellipse shaped by casting the sol into moulds designed to produce the
hybrid IVDs to the average dimensions of human IVDs tested by Newell et al. (after shrinkage) [31].
Samples were formed free from bubbles, shown in Figure 5.17a. Hybrid IVDs were formed in
composition of Si7.5, 3.75, 2.5, 1.75, 1-PTHF. Final heights and dimensions were measured prior to

testing. The samples were dried for minimum one month due to the larger bulk volume.

Comparison with the natural human IVD

Hybrid IVDs were tested in the same test set up at three strain rates, 0.01, 0.1 and 1 s to 10% of their
initial height over three cycles, of which the final cycle is plotted in Figure 5.17, along with the curves
from the human IVD samples by Newell et al. [31] (data available at [182]). Five repeats of Si2.5-PTHF
were tested along with one sample each of Si7.5-PTHF, Si3.75-PTHF, Si1.75-PTHF and Si1-PTHF. The
human IVD data lies between that of the composition with the most silica content, Si7.5-PTHF and the
Si2.5-PTHF samples. Thus, an intermediate composition or Si2.5-PTHF after soaking could give good

agreement with human data.

The hybrid samples also replicate the non-linear shape of the IVD force-displacement curve, which
was highlighted as crucial to a successful disc replacement material [13]. This suggests that this hybrid

system warrants further investigation as an IVD replacement device.
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5.4 Conclusions

The SiO,-PTHF hybrid system can be used to produce complex 3D structures, namely printed scaffolds,
model meniscus and IVDs. This is a first step to device development for cartilage replacement
implants. These techniques have the potential to be used together, along with the work on multiphase
hybrids in Chapter 4, to produce a total intervertebral disc replacement device which bonds to

adjacent endplate tissue via ingrowth into scaffolds.

3D porous scaffolds were fabricated from SiO,-PTHF hybrid ink by direct robocasting with Si5-PTHF
composition and no post-printing treatment was required to stabilise the scaffolds. Injectability
testing of the hybrid ink showed a printing window of 40 minutes and the possibility of storing the
inks at -80°C for a period of days before testing, allowing a practical printing procedure for batches of
scaffolds. Printing parameters were optimised for successful printing of a 40-layer scaffold with a final
inorganic content of 27.7 wt.% SiO, and a channel size of 300 £ 50 um. The struts showed fusion
between the layers, in the same way that multiphase hybrids joined in Chapter 4. This contributes to

the measured compressive strength of 1.3 + 0.5 MPa.

It was possible to mould the hybrid gel into a defined 3D shape, in this case to form a simplified model
meniscus and model intervertebral disc. In the case of the former this include moulding the top and
bottom surfaces to a desired shape, taking account of the shrinkage factor of approximately 60%. This

could be extended to form multiphase shapes with a gradation in stiffness through the structure.

Hybrid IVD samples in dry conditions were tested in identical conditions to human intervertebral discs
for direct comparison and those of Si2.5-PTHF composition produced force-displacement curves that
lay within the range of the human samples, giving a promising indication for the development of this

material as an IVD replacement device.
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Chapter 6

Conclusions and future work
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6.1 Conclusions
The overall aim of this thesis was the synthesis of SiO,-PTHF hybrid system with gradients of
mechanical properties, including characterisation of those properties, for the development of a device

that could replicate the human IVD. Important steps towards this final aim have been made.

The synthesis protocol for a novel hybrid system SiO,-PTHF was developed to fabricate monolithic
hybrid samples with a range of compositions from 3.6-44.4 wt.% SiO,. The cationic ring opening
polymerisation mechanism for this reaction resulted in successful covalent coupling between the
inorganic and organic components, and a hybrid structure with intimately mixed networks of these
components. However, it was not possible to characterise the length of polymer chains or its dispersity
after synthesis, which is crucial to gain a better understanding of the final hybrid structure and to have

a finer control over the mechanical properties.

The hybrids were tested in tension and compression over a range of compositions, allowing their
properties to be tuned by altering the inorganic content of the material. In compression a failure stress
of 5-33 MPa was found for compositions tested, from a range of 5.8-44.4 wt.% SiO, with a maximum
at 32 wt.% SiO,. Over the same composition range, the stiffness measured at 10% strain varied
between 4 and 240 MPa: hybrids between 4 and 10 wt.% SiO, have stiffness of the range of the IVD
and compressive strengths greater than that experienced by the IVD [28]. In tension, the failure stress
was 1-13 MPa and the stiffness at 10% strain 1-9 MPa over a range of compositions (6.3-19.1 wt.%
Si0,). Comparison to the force-displacement curves of the human IVD under the same strain rate
conditions showed good agreement, however further work is needed to see if the hybrid material can

match the non-linear behaviour of the natural disc.

SiO,-PTHF surfaces and extractables were shown to be non-cytotoxic and support cell attachment and
viability in in vitro cell studies using a mouse chondrocyte cell line. The mechanical properties of the
hybrid were shown to be stable over a period of 1.5 years, in a simulated bodily environment, after an
initial small increase in stiffness and reduction in strength over the first month of soaking. Samples
above 19 wt.% SiO, were severely weakened on soaking because the higher silica content, which is

hydrophilic, lead to greater internal stress development and subsequent fracture.

A novel method for the production of a gradient in stiffness in a single sol-gel hybrid specimen was
developed, which took advantage of the gradual gelation of the hybrids to join a second hybrid sol of
different composition to the first at various times within its 3 day ageing period. This method of joining
hybrids was included into the patent covering the synthesis process and obtained hybrid materials

(Tallia, F., Jones, J. R., Cipolla, L., Russo, L., and Young, G. R., Hybrid materials and process for
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production thereof - Invention specifications GB 1605446.2. 2019). The maximum variation in
compressive stiffness through a single sample produced was 4 to 240 MPa (measured at 10% strain)

resulting from a compositional difference of 6 to 42 wt.% SiO..

The ‘interface,’” not visible by eye, between two hybrid sols joined at 2 hours ageing time of the first
was at least as strong in tension and compression as a single phase sample, demonstrated by the
formation and testing of hybrids with an interface but where the first and second solution had the
same hybrid composition. Optical methods were used to map the strain around the interface, further
supporting the strength of the interface formed at 2 hours ageing time and indicating that the sharp
and significant compositional difference led to strain concentration rather than residual stresses at
the interface from the fabrication. However, no chemical method was achieved to characterise the
compositional change across the interface at the scale of the interface. Therefore, it was not possible
to measure how steep the change in composition was or precisely alter this by controlling the viscosity

of the hybrid sols.

A technique was developed for Micro-CT imaging of patterned hybrids which coupled with DVC
allowed the strain to be mapped in 3 dimensions for two phase samples under load. This method could
be useful for comparing devices with natural materials (for example, IVD strain distributions as

measured by magnetic resonance image combined with DVC).

Porous SiO,-PTHF scaffolds were successfully produced by 3D printing with a final inorganic content
of 27.7 wt.% and an average channel size of 300 + 50 um. The fusion between subsequent layers (in
the same way that multiphase hybrids were formed) contributed to the measured compressive
strength of 1.3 + 0.5 MPa. Porous scaffolds have the potential to be joined to the bulk material (at a 2
hour ageing time, as for multiphase hybrids) to provide a fixation to bone. This requires further work

beginning with cell studies on hybrid scaffolds.

For the first time, a sol-gel hybrid material was fabricated into a complex 3D shape: SiO,-PTHF hybrids
were successfully fabricated in the forms of simplified meniscus and IVD. Comparing IVD moulded
samples in compression tests with human IVDs showed that the stress-strain curves could be matched

with tuning of the composition. However so far graded stiffness hybrid IVDs have not been fabricated.
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6.2 Future work

There is still a lack of complete control of the polymerisation reaction and combination into the hybrid
sol, and work on this is ongoing using solid state NMR to understand the structures of SiO,-PCL-PTHF
and SiO,-PTHF by comparison at a series of burn-out temperatures, and using solid state NMR to

investigate whether and how the boron present in the catalyst might be incorporated.

In order for SiO,-PTHF hybrids to be considered as permanent implant materials, longer term studies
of the changes in properties in a bodily environment are required. This should be accompanied by an
understanding of what causes the increase in stiffness on initial soaking. Thus far the wet testing has
been done by removal from solution and immediate testing, but testing while soaked is important
particularly for porous scaffolds in which the flow of fluid through the material can affect the
behaviour and to assess whether the drying process causes the embrittlement. The next stage will be

animal studies on developed devices, beginning with biosafety studies in mice.

For the formation of a hybrid meniscus, the tribology of the bearing surface must be considered:
without a low friction surface damage will be caused to the intact cartilage of the joint and the sample
can be displaced, causing failure. Previous work on the SiO,-PCL-PTHF hybrid system has shown that
hybrid surfaces prepared with a surface roughness of 100 nm did not cause damage to a cartilage
counter surface in tribological testing. This surface roughness was 3-5 times smaller than that achieved
on the hybrid meniscus produced in PTFE mould, therefore, further work is needed to optimise the
moulding, and then to test the tribological properties of this hybrid system. The work on the meniscus
is being continued by PhD student Yu Chien Lin, with the objectives of decreasing the surface
roughness, designing a method of fixation to the tibial plateau, and mechanical testing of the whole

device to simulate the in vivo stress state.

IVD device development

In Chapter 4, the ‘interface’ between two hybrid materials has been a straight line, horizontally in the
case of cylinders or across the middle of a disc. A new process, built on the methods used for the discs,
has been developed for concentric rings: a thin piece of Teflon in a ring to contain the first hybrid
during the time before the second is added. This works well but limits the thickness and produces
rough edges where some of the solution sticks to or is pulled away by the PTFE sheet. Since the
solution can be frozen, this allows a core of frozen material to be pushed from a mould without sticking
to the sides of the mould. This is the first step in trying to combine the work from Chapter 4 on
multiphase hybrids and the work in Chapter 5 on a hybrid intervertebral disc, to imitate the human

IVD as described in Section 1.2.1.
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So far in this work it has not been possible to precisely control the viscosity of the hybrid sol, as was
seen for the 3D printing in Chapter 5. This limits the optimisation of the interface joining time and
control over the steepness of the compositional interface formed when hybrid sols of different
compositions are joined. Therefore, a better understanding and control over the synthesis would
allow this control of viscosity, and the creation of more gradual compositional transitions. RAMAN or
Small angle X-ray scattering could be used to measure the steepness of the compositional change
across the interface, as has been done with PTHF [106] and poly urethane with a gradation in stiffness

[128].

Work by Dr Francesca Tallia has shown that it is possible for scaffolds to be joined to the bulk materials
for the SiO,-PCL-PTHF hybrid system; trial and optimisation of the joining time for this in the SiO,-PTHF
system would allow the joining of 3D printed scaffold to the surface of an IVD device as a potential
device fixation method. This has the potential to provide good fixation with the vertebrae endplates,
if the scaffolds support tissue ingrowth, as the scaffold would form a continuous structure with the
rest of the device. This also requires further work on optimisation of the 3D printing onto a gelling and

not flat hybrid surface.

Continuation of this work has received funding as an EPSRC Post-doctoral Prize Fellowship. The
objectives for this are: (1) the fabrication of prototype multi-phase IVD device; (2) whole device
mechanical testing to tune the properties to match those of the natural disc; (3) bone bonding at top
and bottom surfaces. The proposed work builds on two proofs of concept achieved during the PhD:
formation of a hybrid device with graded properties, without interface, and 3D printed scaffolds from
the same hybrid material. The whole multi-phase device that will be fabricated will be a novel concept
that requires mechanical testing and investigation of the bone ingrowth into scaffold. The materials
characterisation and the interface testing developed in the PhD will be translated to the new whole
device. Mechanical properties of the device in wet and dry conditions will be compared directly to
those of the natural intervertebral disc, as part of an on-going collaboration with members of the
Biomechanics group (Prof Jonathan Jeffers, Dr Nic Newell, Jeff Clark and Saman Tavana) at Imperial
College London. This will include continuation of ongoing Digital Image Correlation (DIC) strain
measurements to look at the strain around interfaces and fatigue testing to high cycle numbers. Micro-
CT with DVC will be used following the technique developed in this thesis for mapping of the 3D strain
within the device, comparative with human IVDs. To address the objective of the fixation of the device
in the spine, cell viability testing of human bone marrow derived stem cells, the cells present within
the vertebrae responsible for bone integration, will be undertaken in collaboration with Dr Silvia

Ferreira and Professor Sara Rankin (NHLI, Imperial College London).
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