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Abstract

Phosphate glass fibre polymer composites have atenpal to be utilised as degradable
orthopaedic implant devices with modifications he glass fibre composition allowing for
materials with tailorable mechanical properties aegradation rates. Accordingly such
materials could be advantageous for the developmieatternative cranioplasty implant
devices. In collaboration with an industrial spangopromising composition of phosphate
glass was characterised to assess its potentalcamposite reinforcing agent along with

the applicability of different composite configumats as possible cranioplasty implants.

The CorGlae® Pure 107 phosphate glass was found to demonsinitable dissolution

rates for cell culture whilst vibrational spectropg and analytical chemistry techniques
confirmed its structural features and suitability fibre manufacturing. The mechanical
properties of its bulk and fibre formats were detieed to be in line with alternate PG
compositions but initial biocompatibility screensngpf glass samples using human
osteosarcoma cells found this composition to betoyic. This was believed to be due to
localised pH changes or from the release of*Znns towards cytotoxic levels. The
absence of a carbonated hydroxyapatite layer faomathen immersed in simulated body

fluid also indicated that this glass compositiosgessed nim vitro bioactivity.

Composite materials based on CorGfaesre 107 fibres in a polylactic acid (PLA) matrix
at a 0.2 fibre volume fraction ¢}/were found to exhibit mechanical properties witthe
same region as those reported for cranial bonesvekier rapid dissolution of the
reinforcing fibres (due to autocatalysis) led teemature reductions in the composite
mechanical properties and resulted in a cytotoesponse during vitro cell culture. The
introduction of a secondary hydroxyapatite fillehage into the CorGla&sPure 107
composite to counteract the acidic pH led to changehe samples mechanical properties
and degradation media pH. However this failed tartethe fibre dissolution rate in 0.15V
composites. At a 0.0%Y the inclusion of HA produced biocompatible comfess
compared to the HA free equivalent and was atteitbtio the reduction of preferentialZn
ion release from the glass fibres due to the pHebufy at the fibre-matrix interface.
However the low Y required to achieve biocompatible composites nthdeCorGlaes

Pure 107 fibres unsuitable as a primary compositgarcing agent.

Consequently phosphate glass fibre composites maysuitable for cranioplasty
applications with future hybrid composites allowifay the design of implant materials
that are capable of eliciting an immediatevivo response whilst retaining its long term

mechanical properties.
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a
Hybrid Composite surface dama \

I 1 Spherical particles|

Spherical particle

Hollow/damaged spherical particle

Figure 8.4.6. SEM images after 168 hours MG63 cell culture on 8@2Vya hybrid
composites with a) The appearance of surface damage and dppartcades labelle
[scale bar = 10um] and b) Magnified section of isolated areaisfgdwllow/damage

nature of selected particle [scale bar = 2um].

Mechanical testing of the biocompatible 0.¢DV2Vya hybrid composite configuration
showed the expected decrease in flexural strengtitrease in elastic modulus and
transition to a brittle failure mode through thelusion of the 0.2Mx filler compared to
the 0.01V composite. However in contrast to the earlier ltesthe inclusion of CorGla&s

Pure 107 fibres produced hybrid composites witle@uced flexural strength and elastic
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modulus compared to the 0.g2¢composites. This behaviour was attributed to theeace
of a fibre pre-preg solvent casting stage duringposite manufacturing and the resulting
poor polymer infiltration into the CorGla®sPure 107 fibres (due to the previously
discussed changes to the polymer MFI at Q.2Y). As a result, the quality of the fibre-
matrix interface may have been compromised andenteffaws or voids throughout the
material. Furthermore the increased handling requio isolate the low quantity of fibres
required for each composite lamina (due to theafiske smaller 70x30mm mould) would
also have likely contributed to the poor mechanipgedperties of the 0.03M0.2Vya
samples given the likely increase in fibre damageiired.

The degradation of 0.0%\and 0.01¥-0.2Vya samples was compared with the previously
obtained 0.2\ degradation data. The results showed that a reduict both the wet and
dry weights occurred in the 0.048nd 0.01\0.2Vya composites due to the dissolution of
the CorGlae® Pure 107 fibres. It was also observed that theusimn of the HA filler
phase in the 0.01M0.2Vya hybrid composites resulted in the wet weight clesingm fibre
dissolution being significantly masked. This wag doi the large difference between the V
and \ya content and the associated water absorption flemmptesence of HA particles

over the first 168 hours of immersion (Figure 8)4s previously discussed.

Wet Weight vs Immersion Period
3%

2% —=—0.01Vf

>

= 1%

2

S 0%t —2—0.2VHA

g -1%
-2% —A—0.01Vf-0.2VHA
-3%

Immersion Period (hours)

Figure 8.4.7Comparison between sample wet weight over first i6&s of degradatic
between 0.01}V 0.01\4-0.2Vya and 0.2Vja samples with the inclusion of HA in i

hybrid composite samples obscuring the decreasetinveight through fibre dissolution.
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Accordingly, no comment can be made on the effeftthe HA filler on the rate of
CorGlae$ Pure 107 fibre dissolution rates using the weghedata due to the absorption
of moisture and small volume of fibres used. Theeavariation in composite wet/dry
weights was observed (due to water ingress thraugihe pores created by the degraded
fibres as well as media absorption) and was inwrh the previous results. The low fibre
volume of these samples was also responsible rsignificantly reduced weight loss

compared to the previous 0.2RCM or 0.15V hybrid samples.

Analysis of the dry weight data showed the expedettease due to CorGl&eBure 107
fibre dissolution over the first 168-336 hours mimersion. This weight loss was then seen
to plateau at3.5% and~2% for the 0.01Yand 0.01\-0.2Vya samples respectively with
the offset attributed to the reduced weight fract{d;) of the fibres due to the secondary
HA filler phase. As before, no estimation as to ¢ixéent of HA dissolution in the hybrid
composites during this degradation period couldssessed from the current data that may
have also contributed to the weight loss resultse PH data obtained during sample
degradation also showed the expected reductionHnfrpm the dissolution of the
CorGlaeS Pure 107 fibres. However due to the decreasee filmlume fraction and
associated reduction in phosphate species releagsethe media, the acidic pH did not
reach the same severity in the 0.9Xdmposites~4.0) as previously recorded during
0.2V; RCM sample degradatior-4.5). Similar to the previous data, the inclusidrHaé
was seen to raise the pH of the media during G012, sample degradation-%.0) but
due to the difference ins\Vthe pH was buffered to a greater extent comptardise 0.15\
0.2Vya hybrid composite configuratior4.0).

The immersion of 0.01Vsamples also saw a gradual decrease in the avleageal
strength of the composites that appeared to plasdtan three weeks (504 hours) of
degradation with a reduction and plateau in thsetielanodulus occurring after 168 hours
(1 week). Based on the previous data, the decieasechanical properties was attributed
to the dissolution of the CorGld&e®ure 107 fibres. The reduced fibre volume fraction
these composites also caused the overall decredkxural strength (-8.6 %) and elastic
modulus (-21.5%) to be significantly lower than thhe@\y RCM samples when compared
after 168 hours of degradation. This was due tad¢kdeced reinforcement provided by the
CorGlae$ Pure 107 fibres at 0.01\¢ompared to 0.2\(section 3.2.3.1). Additionally, the
increased variability in both the flexural strengthd elastic modulus of the 0.01V
composites during degradation was considered teftective of the increased difficulty in

establishing a uniform distribution of fibres thgiwut the matrix. This was due to the low
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quantity of CorGlaésPure 107 fibres in each lamina of the 0.ptdmposite compared to
the 0.2¥ RCM samples.

The variation in 0.01M0.2V4a sample mechanical properties over the 1008 hour
degradation period was believed to be due to ttheced dependency of the composites on
the CorGlae$ Pure 107 fibres for mechanical reinforcement (thu¢he large difference
between the Vand \ja). As a result, the dissolution of these fibresesgwpd to have a
negligible effect on the sample mechanical propsrivith the variation in mechanical
properties seen between samples attributed tornth@nted non-homogenous distribution
of the HA particles. However this variation may calekave been influenced by the
dissolution of the HA during pH buffering of thegtadation media. Consequently these
hybrid composites failed to display the same cl@acline and plateau in mechanical

properties as previously recorded for the 0.A%)brid samples.

Furthermore, the inclusion of HA appeared to mamnthe elastic modulus of the hybrid
composite above that of the 0.018ample throughout the entire immersion periodviag
below that of the 0.2\ control. This was likely due to the internal potp€reated from
fibre dissolution as well as the previously mengidrbreakdown of the HA-PLA interface
via buffering of the media pH. However it was atved that that the elastic modulus of
the 0.01V and 0.01\0.2Vya samples was superior to that of the Q;2\¢ontrol when
compared after 1008 hours of immersion. This sulbsetly cast further doubt on the
accuracy of this result (i.e. the sudden drop astt modulus for the 0.2} sample at

1008 hours) as discussed earlier.

A comparison between the ionic release rates duhiagnitial 168 hours of 0.0%\and
0.01\+-0.2Vya sample degradation revealed a marked differencethen daily and
accumulative ionic concentrations (Figure 8.3.2@ Bigure 8.3.27). This was apparent by
the increased concentrations of ¢POand C&" ions in the 0.01M0.2Via degradation
media compared to the 0.018amples (Figure 8.4.8). The increased concentrafithese
ions was to be expected given the*Cand (PQ)* products that occur from HA
dissolution (Vallittu, 2012)*"®. This would then correlate with the dissolutiohtioe
secondary HA phase as a result of the phosphoitcgamerated during fibre dissolution
and the subsequent pH buffering that was recordedngl 0.01¥-0.2Vya sample
degradation (Figure 8.3.24). Inspection of the audative ionic concentrations from both
samples also revealed that similar concentratidridas™ (<6 mg ') and N4 ions &11
mg ) were released from the fibres into the mediar a8 hours (Figure 8.3.27). This
would then imply that similar fibre volume fract®@as well as fibre dissolution rates were
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present in each composite type despite the inalusioHA into the hybrid composite
configuration. This then challenges the notion thatduced fibre dissolution rate was
responsible for the previously found increase imcbmpatibility of the hybrid composite
samples (Figure 8.3.12).

Accumulative lon Release of Selected lons vs Immersion Period
60
—8—(P0O4)3- 0.01Vf
@ 50 r
c —a—Ca2+ 0.01Vf
— 40
5 —8—Zn2+ 0.01Vf
= 30
= ——(P0O4)3- 0.01Vf-0.2VHA|
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S ——Ca2+ 0.01Vf-0.2VHA
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Figure 8.4.8. Comparison between the accumulatwerélease from 0.0%\and 0.01V-
0.2Vxa composites over the initial 168 hours of degradeasibowing a marked decreas
the total concentration of Zhand increase in (P9 and C&" ions release from t
0.01V+-0.2Vya hybrid composite.

However these results could be accounted for whesidering the difference in Zhions
accumulated after 168 hours between the 0:¢18.3 mg 1) and 0.01y:0.2Via (8.6 mg
Ity samples (Figure 8.4.8). Since it has already les¢ablished that excess?Zii1~8 mg
Iy and a low pH (< 7.4) can be cytotoxic to MG63Igethe inclusion of HA was
subsequently expected to limit these factors byfeomig the pH and limiting the
autocatalysis effects. As discussed in section624dissolution studies by Khor et al.
(2011) have highlighted the preferential leachirigZo®* ions when PG samples were
degraded in low pH, acidic conditions. Based ondbiéected data, it is proposed that an
elevation in pH at the fibre-matrix interface wangrated by the inclusion of a secondary
HA filler phase that consequently limited the prefgial leaching of Zfi ions from the
CorGlae$§ Pure 107 fibres compared to the 0.9Bdmples (Figure 8.4.9). This would
have then have restricted the rate at which th& Zoms could accumulate towards

cytotoxic levels within the 0.01M0.2Via sample degradation medf&”.
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Accumulative ZA* lonic Concentration/Media pH vs Immersion Period
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Figure 8.4.9. Comparison of Znaccumulative ionic release and megid against th
immersion period for 0.01\and 0.01¥-0.2Vya samples

This concept would then correlate with the MTT alwebct contact culture results where
only the 0.01Y samples appeared to be cytotoxic despite iongeldata implying that the
CorGlae$ Pure 107 fibres in both samples were degradirsjnaitar rates. Consequently
this difference in Zfi release and rates at which this ion could accumuta cytotoxic
levels would explain the difference in cell popidaimorphology between the 0.01%nd
0.01V+-0.2Vya composites as well as when compared to the PLA@offrigure 8.3.20).

To elaborate, during thi vitro culture of samples it was likely that the rate Zof*
release from the 0.0%8amples (via fibre dissolution) exceeded the M@@8toxic limits
before the media was replaced after 96 hours. ddnsequently produced the rounded cell
morphology and declining cell population that waserved in both Coomassie and SEM
images. In contrast, the reduced rate of'Zon release from the 0.0330.2Vya hybrids in
conjunction with the replacement of the media ath@firs prevented such a severe
reduction in cell viability. Based on the SEM andoBassie staining images, this would
then account for the reduced cell population angechimorphology (i.e. round/spread)
seen in cells after 96 hours of culture (FigureXB3on the 0.01%0.2Vya Samples as the

Zn** ions began to reach cytotoxic levels before tHeirimedia was replaced.

Furthermore, since earlier results had indicated the DMEM media had no retarding
effects on the CorGla8sPure 107 fibre dissolution rate when utilised asomposite

reinforcing agent (section 7.3.4), the evidencelits concept based on the ion release data
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during sample degradation in distilled water wasnded valid. However it should also be
noted that the biocompatibility testing (i.e. MTdirect contact culture) was performed at a
higher SA:V ratio (1.4 cfqml™) than that employed during mechanical degradgfioil
cn? miY). As a result, the ionic concentrations shown igufe 8.3.26 and Figure 8.3.27
are expected to be lower than those encounterethgduhe in vitro cell culture
experiments. Yet this does not affect the geneiatiple regarding the selective Zrion

release as proposed here.

Analysis of the FTIR spectra (section 8.3.3.7) oi&d from the planar sample surfaces
after immersion in c-SBF showed variations andtshif the peak wavenumber/intensities
of the 0.2\ia composites (Figure 8.3.29) with the band~a030cm' (To) shifting to
1044cn. It was also apparent that the intensity of thakpeat 604cm and 562crit
varied between spectra which, due to the 0.5-5unetpation depth of the FTIR-ATR
equipment, was attributed to the exposure of HAiglas on the hybrid composite surface
as discussed by Persson et al. (20*#) As a result, areas with a low concentration of HA
particles exposed or in reduced proximity to thenposite surface had a reduced HA
signal intensity and a decrease in peak band grg. This then made the 1044¢m
peak (PLA, C=CHvibration) more prominent and would then accoumttfe apparent
peak shifting (i.e. 1030cm(To) < 1044cm’) observed between the spectra obtained from
the 0.2\(;a samples across the immersion period. These rdsglighted the variation in
HA distribution across the sample surfaces withshmmple areas chosen at random by the
user. This would also seem to correlate with the-moiform distributions and particle
agglomeration effects that were previously discdssduring the mechanical
characterisation of the hybrid composites. Suchatians in HA surface exposure were
also believed to have accounted for the similak geansitions observed in the 0.0V
0.2Vua hybridcomposite (Figure 8.3.31) spectra. Meanwhile theeabe of HA accounted
for the lack of any similar shifts being observedtie 0.01Y spectra (Figure 8.3.36)*.

It was also observed that peaks at 1264amd 800ctit on the 0.2Yia and 0.01Ysamples
showed a marked decrease after 24-72 hours (F&8r29 and Figure 8.3.30). Based on
the FTIR analysis of polymer degradation by Par@nPantani (2007), any changes in
these peak intensities through hydrolytic degradatiere ruled out’?. Consequently this
observation was believed to be due to the PTFEidabt applied during composite
manufacturing or other contaminant (e.g. from th#icg stages of specimen preparation)
that had not been completely removed prior to c-8Bfersion. This would then account

for the early decline in the intensity of these kseahortly after immersion and why such
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strong peaks were not detected on all samples. Bxagprevious results it was also seen
that the same peak variations were observed dOr2\g RCM bioactivity testing (Figure

7.3.21). However further investigation is requiteaonfirm.

The FTIR analysis of minute surface deposits remddvem the 0.01¥0.2Vya sample
cross-sections (collected after 336 hours of immejsound these to match the previous
pyrophosphate salts found during 0; RCM composite bioactivity testing (Figure 8.4.10).
Yet the visible formation of these salts was neblegand were only found on a single
sample from the three analysed by FTIR after 33rsrcompared to the rapid formation
found on all 0.2YRCM samples. The small quantity of these compouwvadsattributed to
the significantly lower Y of CorGlae§ Pure 107 fibres in the hybrid composite
configuration and thus reduced concentrations 0§ ieleased into the media as a result.
The appearance of this precipitate at the sampulssesection was also in line with the
cross-sectional “halo” regions of bioactive PGF posite materials as discussed by
Vallittu et al. (2015f!. The inconsistent formation of these compounds vedigved to be
due to an unwanted/localised increase in the filoteme fraction within specific samples.
This would then account for the absence of anylampyrophosphate salt precipitates

found during the FTIR analysis of the 0.QXddmposite cross-sections after immersion.

Comparison of c-SBF Precipitate by FTIR

0.2vf RCM T168Hour A Il\\

AW
0.01Vf-0.2VHA T336Hour \
/ v //\\
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\/~’
e———?] \\ j\/\\‘
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Figure 8.4.10. Comparison of precipitates from 0£0¥Vya and 0.2Y RCM composite

after immersion in c-SBF over the 4000-400twavenumber range.
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8.5 Conclusions

Modifications to the previous 0.2\RCM CorGlae® Pure 107 composite configuration
showed that the use of silane treatments or a deacyfiller phase had different influences
on the composites mechanical behaviour. This wadert by the increase in initial
flexural strength (+39.7%), elastic modulus (+7.98bhd toughness (+41.2%) observed
when the CorGla&sPure 107 fibres were treated with an APS sizingnaglue to the
improved interfacial bonding at the fibre-matrixarface. However the application of this
surface treatment provided no improvement to comgadurability as a result of the
severe autocatalysis effects caused by the fili@tic pH dissolution by-products.

The investigation into different 0.1%5WGF hybrid composite configurations revealed that
the inclusion of a hydroxyapatite (HA) particleldil phase was capable of producing
materials with an increased elastic modulus contperéhe previous 0.2\RCM samples.
Furthermore the inclusion of HA caused the failorede of these composites to change
from a ductile to brittle fracture mode. The configtion of the hybrid composites was
also found to influence the initial mechanical prdfes with the greatest increase in elastic
modulus (+22%) compared to the 0; RCM samples found from the inclusion of a non-
homogenously distributed Ovblume fraction of HA. However mechanical testirfgtloe
investigated hybrid composite configurations alewealed that particle agglomeration at
higher HA volume fractions compromised the mechamecoperties of the hybrid samples.

The subsequent degradation of these samples fdwatddespite the media pH being
buffered (compared to the 0.2ZRCM samples) that the apparent rate of fibre disiem
remained unchanged. Therefore, it was anticipdtatidue to the high ion release rates all
hybrid composite samples would continue to be oyictdue to the high concentrations of
Zn** ions that would have been released into the nadiagin vitro testing.

Alternatively, the focus on developing biocompaildhybrid composites through the
incorporation of HA into low Y samples found that the addition of 0,2vnto a 0.01VY
sample produced biocompatible materials when asddssMTT assay. Such results were
subsequently confirmed through the analysis of MGélts by Coomassie Brilliant Blue
staining and SEM after direct contact culturing @mposite samples. Although this
behaviour was initially attributed to a reducedrdildlissolution rate, degradation of the
corresponding sample configurations and controtécated that the buffered media pH
(via the addition of HA) had influenced the seleetieaching of the Zi. However due to
the smaller fibre volume fraction, the CorGfadzure 107 fibres had a reduced impact on
the initial and degenerative mechanical properiesng sample degradation in distilled
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water. The low VY of the samples did produce sporadic deposits obghosphate salt
deposition during c-SBF bioactivity testing but fhEIR spectra also revealed the presence

of HA on the composite surface from the existingoselary filler phase.

Consequently based on the accumulated hybrid catepdeta, the specific application of
the CorGlae$ Pure 107 fibres appears to be confined to possitilyiding advantageous
stimulatory effectsn vivo (via ion release) rather than as the primary cggihg agent of a
biodegradable composite. The results have alscateti the potential for the development

of novel hybrid composite designs to be investidate
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9 Discussion

Despite the extensive range of possible phospHass gompositions, their application in
biomedical devices is limited by the need to achiglass artefacts (i.e. monoliths, fibres
etc.) with suitable dissolution rates, mechanigalpprties and potential bioactivity whilst
being composed of metabolically acceptable corestiti Consequently review articles of
biomedical phosphate glasses (e.g. Knowles, 2003puANeel et al., 2009) have
demonstrated the balance between achieving medtignénd biologically advantageous
glass systems whilst maintaining good processgdiif' 22! As observed in section
3.4.6.1 and 3.4.6.2, the development of these ggdsas typically been conducted through
a cross-compositional analysis where a selectedifilmodxide concentration has been
varied (e.g. 6210 mol%) in order to assess its effect on a glgasiperties. Consequently
the characterisation is performed using a comparatnalysis across these variations.
However, given that this project was restrictedht® CorGlae$ Pure 107 glass and that
limited compositional data was available, the cbtm@sation performed here was based on
a broad examination of the relevant literature.sTimay have subsequently affected the
accuracy and depth of the CorGl&eBure 107 glass analysis. Yet by following this
method to characterise its bulk and fibre formatdroad review (not been previously

reported) of different biomedical PG properties hasn produced.

Based on the available literature, it is believédttno previous investigations have
examined a quinternary glass composition similarCarGlae§ Pure 107. Given the
relevance of its constituency ions to the physimiaigroles in bone growth (i.e. (RO,
ca&*, Mg?" and ZA" - Table 3.4.3) the CorGla&®ure 107 composition was believed to be
a suitable candidate for potential bone tissue meggive applications. However
characterisation of the CorGl&eBure 107 disks (chapter 5) revealed that its dleodiral
strength, elastic modulus (comparable to that ofjBis§ 45S5) and high thermal stability
(PW) were offset by its poor biocompatibility. Coméd with the previous data reported
by Abou Neel et al. (2008), the CorGl8eBure 107 results highlighted concerns over
localised acidity as well as the suitability of zinn biomedical phosphate glass
compositions. This is despite its advantages asodifier oxide (i.e. its charge-to-size
ratio) and potential stimulatory effecis vivo ™*°. However, this basis must also be
considered with regards to the@2 concentration which made the CorGfadzure 107
glass inherently prone to autocatalysis effect$ tii@mately influenced the ion release
rates from the samples (i.e. composites). The efiepH is further emphasised in these
results when considering the selective leachingrst ions from PGs in acidic media as
reported by Khor et al. (2011). This subsequentiypsrts the development of low®
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polyphosphate glass compositions (i.e. < 50 mol%sP such as those recently
investigated by Sharmin et al. (2014) whergOB was substituted into the glass
formulation™®” 221 The results presented here have also providédefuinsight into the
applicability of glass compositions that utilisexed ion effects to achieve enhanced
properties outside the expected trends as evidettidoPW recorded for the CoreGl3es
Pure 107 glass.

The production and characterisation of CorGlaPsire 107 fibres (chapter 6) has also
highlighted the sensitivity of these materials woface flaw type/size that can be produced
during the necessary handling stages. Based on tties comparison of fibre tensile
properties are subsequently susceptible to vangtioased on the handling of fibres
between different studies. Yet this can also becé#d by fluctuations in the fibre diameter
that could occur during PGF manufacturing. Meangtiie novel study on the influence of
different media on the CorGldé®ure 107 fibres has demonstrated the variabiiitijtire
dissolution rates across different interdiscipinggchniques (e.g. cell culture, bioactivity
and mechanical degradation). Consequently theséigeaise considerations when relating
mechanical properties or dissolution rategtwitro data and is particularly relevant when
intending to use PGFs as a single implant consifiuet implants composed purely of
fibres) such as the cell delivery vehicles previpistudied by Ahmed et al. (2004) and
Bitar et al. (20058 %4

When used as a composite reinforcing agent, thelinesults (chapter 7) showed the
benefits of a random continuous mat (RCM) CorGldesre 107 fibre architecture which,
based on the available literature, had not beewiqusly investigated for PGF composite
biomaterials. These advantages were due to thernamsemprovements in material

toughness found in the laminate RCM compositesraswat of fibre pull-out mechanisms
and improved polymer infiltration into the RCM férconstructs. The RCM architecture
may then be more favourable in specific composipplieations compared to the
unidirectional (UD), [0/90] cross-plys or randomogiped fibre filler phases previously
investigated (e.g. Ahmed et al., 2009; Ahmed et28111)*'® 219 Based on the results by
Han et al. (2013), this RCM architecture may alsoniore favourable compared to UD
fibres for composite implant devices where intr&m@pive screw holes are required prior
to implantation’?®. This is due to the increased damage that UD csitgsocan incur

compared to random chopped fibre mats when scrdeshare introduced via drilling

techniques.
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Mechanical testing of the 0.2YRCM composites also found that the flexural sttesgnd
elastic moduli of these CorGlde$ure 107 composite configurations were within the
range of those reported for parietal bone. Thisltesnplied that degradable PGF-
composites have potential for the proposed craasipl applications as discussed in
chapter 2. Additionally, the elastic moduli of teesamples were also seen to correlate with
those predicted by the rule of mixtures (ROM) fattbfibre architectures investigated.
However these properties could potentially be frtimcreased through modifications to
the manufacturing method aimed at improving polymgsregnation into the fibres (such
as vacuum forming techniques). Unfortunately dueatwocatalysis effects, the 0.2V
CorGlae$§ Pure 107 composites failed to retain at least 8%heir initial mechanical
properties over the six week degradation periodeasout by the initial design criteria in

section 2.1.

These autocatalytic effects have been observethar ® GF-composite materials (Ahmed
et al., 2009, 2011; Han et al., 2013) and highédhthe balance between achieving glass
fibres with good processability whilst possessilogvsdissolution rates. This is particularly
relevant to the s content which at high concentrations allows forH8Go be easily
produced but is hampered by their resultant susnhfytto autocatalysis effects due to the
increased amount of phosphate species releasedhiatmedia. Alternatively low s
glasses (e.g. polyphosphate glasses) are less fwrautocatalysis but are typically harder
to manufacture into fibres and are more likely tgstallise. Such features consequently
reinforce earlier sentiments that the wide rangpaténtial PG compositions is ultimately
restricted by their practicality. Furthermore, thentinued use of PLA as a matrix
component in the development of PGF composites dveeém disadvantageous given its
acidic degradation by-products and importance effithre-matrix interface to maintaining

adequate composite mechanical propefiés?*® 223!

Continuing from the previous CorGl&eBure 107 fibre dissolution data in section 6.3.6,
the translation between mechanical and cell culam@ronments on composite samples
was also investigated due to the absence of ani imfluences during composite

degradation in distilled water. The correlation adidcrepancies between composite
degradation behaviour in each media (i.e. weighks,lanedia pH) showed how the high
surface area-to-volume ratios (SA:V) at the fibratmx interface can be detrimental to the
reinforcing fibres dissolution rate. As a resutie relevance of a PGF’s dissolution rate is
obscured when it is to be applied in a composistesy given the increased influence of its

dissolution by-products. This high rate of fibresgblution was also responsible for the
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cytotoxicity found across all fibre volume fract®n(V;) investigated. Such results
consequently reinforced the importance of consmethe pH changes and ion release
rates (i.e. cytotoxicity limits) but also showedwhthese factors can interact with each

other.

The development of PGF polymer composite matehals typically examined different
glass compositions in a two phase, matrix-fillesige (e.g. Ahmed et al., 2008; Brauer et
al., 2008; Parsons et al., 2009; Khan et al., 2@t0ned et al., 20112 215 217. 228y gt
the versatility in available glass compositions banrestricted by the design requirements
of biomedical glasses as well as the radical, somest detrimental, changes to the
properties of a glass that can be caused from stoaipositional variations (Hench, 2013)
[8] ' Furthermore given that no single bioactive matds considered by Hench (2013) to
be optimal for all applications, there is a needd&velop a range of different glass
compositions. Such sentiments are also in line wighneed for application specific glass
dissolution rates as discussed by Hasan et al2j281. Consequently the investigation of
different hybrid PGF composite configurations basedhis concept was intended to allow
for further design versatility in composite propest without relying on compositional

changes to the reinforcing PGFs.

Given the limitation to using only the CorGl&eBure 107 glass, the hybrid composites
developed in this study were intended to improwerttechanical integrity of the composite
material during its degradation by counteracting fitbre’s autocatalytic effects. The
investigation of different hybrid composite desigmas also aimed at establishing an
optimised hybrid configuration based on the abibfycalcium phosphates to buffer an
acidic pH. Given the absence of design variationwali as a lack of data on the
mechanical degradation or vitro cell culture results in previous work it was beéd that
the results collected here could be utilised fourfer hybrid composite desighé®.

The characterisation of different hybrid samplekafiter 8) subsequently showed that
despite variations in the initial mechanical pragsr and apparent pH buffering of the
degradation media, no significant improvementsampgosite mechanical durability were
achieved in any of the mechanically optimised hybsample configurations. These
samples are expected to have remained cytotoxidaltiee rate of Zfi ion release with
further increases to the HA volume fractionsgY restricted by the HA particles effects on
the polymer melt flow and subsequent polymer irdtlon into the fibres. The transition of

the composites initial (i.e. HA-free) fibrous, diketfailure behaviour to a brittle facture
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mode would also cast doubt on the suitability dbrdiparticle hybrid composite

configurations for cranioplasty plate applicati¢Bsauer et al. 200857,

Alternatively the increasing biocompatibility founth low V:; hybrid composites
(0.01\/0.05V%) with increasing HA volume fraction () demonstrated the severity of
the acidic pH and inability of the HA to adequatblyffer the degradation media in higher
V; composites (i.e. 0.15)Y However, it was shown that hybrid composite giesicould be
used to render previously cytotoxic low Sbmposites as biocompatible. Although due to
the low V required to achieve hybrid biocompatibility, therGlae§ Pure 107 fibres were
ultimately reduced to providing an vivo stimulus as oppose to their intended function as

a reinforcing agent.

With these results the CorGl&eBure 107 fibres would appear to be unsuitabletter
proposed cranioplasty plate material. However teeetbpment of PGF-composites with
suitable mechanical properties (prior to degradataid prove the initial viability of the

concept.

In line with comments by Hasan et al. (2012) anddte(2013), it would appear that the
functionality of a PGF-composite cranioplasty plebelld not be fulfilled by a single PGF
composition alond™® 2*% This is due to the conflicting design requirenseit PGF
composites where high fibre dissolution rates (assbciated ion release rates) would be
advantageous for supressing bacterial infectionsvels as eliciting early bioactive or
osteoinductive responsem vivo (section 3.4.5). However this would also likely
compromise the mechanical durability of the dewafier implantation (due to the rapid
dissolution of the mechanically reinforcing fibore€pnsequently hybrid composite designs
may allow for such dual functionality to be achigvéhrough the use of different
constituent components (i.e. multiple PGF compmss). Based on the data obtained from
the CorGlae$ Pure 107 hybrid composites, a dual fibre system fabt
(bioactive/antimicrobial) and slow (mechanicallynfercing) dissolution rate PGFs would
appear to be the preferable option. This is prilpatie to the increased brittleness found
in fibre-particle hybrid systems that could jeopsedthe ability of the implant to
adequately protect the underlying cerebral tisf\gea result, the inclusion of bioactive
particles (such as HA or alternate bioactive gamapositions) would be less favourable.
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10 Conclusions

Structural analysis of the CorGl&esPure 107 composition confirmed its
amorphous, ultraphosphate structure whilst itsniaérproperties (i.e. large PW)

made it highly suitable for fibre manufacturing.

The CorGlae$ Pure 107 glass exhibited a superior flexural sfiterand similar
elastic moduli to that reported for Bioglds45S5 with the density, hardness and

fracture toughness within the expected range f@&.PG

The CorGlae® Pure 107 annealed disks possessed a dissolut®ofrax10®* mg

cm? hrt,

Despite dissolution extracts being biocompatiblee tglass composition was

cytotoxic to MG63 cells during direct contact caliiture.

Mechanical testing of €20um CorGla€s Pure 107 fibres showed the tensile
strength (462 = 143 MPa) and tensile modulus (6520.8 GPa) to be similar to

those reported for other PGF systems.

As an isolated element, the fibre dissolution rases affected by the different

media typically used in biomaterial characterigatio

The immersion of fibres in c-SBF resulted in thepaition of different

pyrophosphate salts relative to the CorGlaeare 107 composition.

The incorporation of CorGla8sPure 107 fibres into a PLA matrix showed the
expected increase in elastic moduli that closelyched those predicted by the rule

of mixtures.

0.2V CorGlae§ Pure 107 fibre composite configurations of RCM 46(90Ls
fibre architectures possessed mechanical propewidsn the range of those

reported for the parietal bones of the skull.

RCM fibre mat architectures were found to be adyg@bus for developing
cranioplasty plates due to their improved toughraeskflexural strength compared

to [0/90ks cross-ply composite configurations.

0.2V; RCM and 0.2Y [0/90s composites failed to retain at least 80% of their
mechanical properties during six weeks of degradan distilled water or DMEM

- where pyrophosphate salt deposition was alsorebde
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Pyrophosphate salt deposition was also recordemhgltine immersion of 0.2V

RCM composites in c-SBF.

A cytotoxic response from composite degradationragxs was found across
0.01V4;, 0.05V, 0.1Vt and 0.2V samples after 24 and 96 hours of degradation with
MGG63 cells when assessed by MTT assay.

Silane treatment of CorGla&®ure 107 fibres produced composites with increased
mechanical properties but this failed to sufficignetard the loss of mechanical

properties during sample degradation.

The distribution and volume fraction of hydroxyapat(HA) in 0.154 RCM
hybrid composites had a strong influence on com@osiechanical properties
where the maximum increase in elastic modulus wesrded after the introduction

of 0.1Vya that was non-homogenously distributed throughlogitsample.

All hybrid composite variations buffered the degton media pH but failed to
adequately reduce the fibre dissolution rates aodseguently the loss in
mechanical properties during sample degradatiahsiiled water at 37°C.

The cell viability from composite degradation egtseashowed an increasing degree
of biocompatibility as the HA volume fraction inaseed (0V,a—0.1Vya—0.2Vya)

in 0.01Vt and 0.05Y composite samples when assessed by MTT assay.

Despite the statistically significant difference the MTT assay results, the
increased solubility of @-TCP filler phase (compared to HA) was unable to
produce biocompatible 0.05¥omposites.

Only a 0.01V¥-0.2Vya composite configuration was found to be bioconipatibut
the resulting mechanical properties were considgredgduced compared to the
0.2V; RCM samples and below those of the parietal bones.

CorGlae$ Pure 107 fibres are unsuitable as a compositéoreing agent but PGF

composites show potential as part of a cranioplalstie material.

Hybrid PGF-composites using multiple glass fibrenpositions are an attractive
option for future implant designs that require ammediatein vivo response and

long term mechanical properties.



348

11 Future Work

Although the fundamental application of PGF comigssias part of a cranioplasty plate

material has been proven mechanically, the contindevelopment of these materials

should focus on:

a)

b)

d)

f)

The evolution of glass compositions tailored towgamtanioplasty composite
applications with reduced dissolution rates tha able to maintain a neutral
media pH during their dissolution despite the rsghface area-to-volume ratios at

the fibre-matrix interface.

Manufacturing of fibre pre-pregs using vacuum forgntechniques for potentially
improving composite mechanical properties (due he improved polymer

infiltration into the fibres).

The development of continuous fibre spools from Rhufacturing techniques
that would allow these materials to be incorporated fibre pre-impregnation
equipment. This would eliminate the manual handlstgges of composite
production that can compromise fibre integrity amould allow for composites
with increased mechanical properties due to theowgd packing density of the

fibres and consequently increased V

The development of woven PGF constructs (as ardabile with conventional
glass fibres) that would allow for the developmehtcomposite materials with

more adaptable mechanical properties.

Impact testing of PGF composite configurations mprio and after sample

degradation to further assesses their suitab#ity aranioplasty plate component.

Investigation into the potential of phosphate glpksdelets as a reinforcing agent
in general fracture fixation plates due to theighhiaspect ratios compared to
particles. This could potentially allow for the nudacturing of composites with
improved mechanical properties (compared to padjcivhilst the discontinuous
nature of the reinforcing phase would decreaseateeof fluid wicking throughout

the interface.
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However, the concept of hybrid PGF composites shaldo be developed and includes:

a)

b)

Hybrid composites incorporating different PGF cosipons that could contain
low dissolution rate, high modulus fibres (as thainm reinforcing agent) with a
secondary phase of high dissolution rate fibregndéd to generate a rapid
bioactive/osteoinductive response or a controlletease of ions aimed at

infectious prevention (e.g. silver, Ag

Laminated hybrid composites utilising PGF and deégbée magnesium fibres
where high mechanical properties and long termlliyaare required alongside a

physiological stimulus provided by tle vivo dissolution of the PGFs.
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Appendix A

Table A.1. Mechanical properties of the differenomposite configurations

manufactured in chapter 7.

Sample Flexural Strength (MPa Elastic Modulus (GRa
NatureWork§ 3001D PLA 98.04 + 1.06 3.21+0.34
0.01 RCM 82.50 + 3.77 3.97 £0.35
0.05t RCM 57.64 £ 15.55 5.00+041
0.1V RCM 27.12 +5.62 5.49 +£0.05
0.2V; RCM 82.39 +4.46 7.57 +1.20
0.2V; RCM [0/90}s 62.35 + 10.14 8.19 + 0.64

Table A.2. Mechanical properties of the differendbdified composite configurations

manufactured in chapter 8.

Sample Flexural Strength (MPa Elastic Modulus (GRa
0.2V; RCM-APS 115.15+2.65 8.17 +1.90
0.2Vha 35.49+£5.94 5.37+£0.83
0.15V-0.1VuaNHD) 67.00 £ 8.55 10.01 +1.33
0.154%-0.2Vua 36.41 + 3.53 9.34 +0.49
0.15W-0.2Viantb) 37.61+1.23 6.74 £ 0.45
0.01M4-0.2Vua 25.36 £ 7.00 485+04
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INTRODUCTION

Phosphate based glass fibre (PGF)
composites have advantages as
potential degradable implant materials
for treatment of bone defects. However
the retention of mechanical properties
when immersed in aqueous media
remains an issue due to the break-
down of the fibre/matrix interface.

Polyhydroxybutyrate-co-valerate-12%
(Goodfellow® PHBV-12%) presents a
promising composite matrix material
with beneficial properties that include
its  natural origin,  hydrophobic/
piezoelectric nature and applicability
with  conventional manufacturing
methods®. Thus PHBV-12% could
allow  for  advantageous PGF
composites with improved retention
mechanisms by retarding the break-
down of the fibre/matrix interface given
its increased hydrophobicity compared

to polylactic acid (NatureWorks®
3001D PLA).
MATERIALS/METHODS

Glass _composition Giltech®
CorGlaes® Pure 107. PGF diameter
@ = 20pum manufactured by gravity
melt spin method were manipulated to
form random continuous fibre mats.

Matrix _sheets made by compressing
8g of PLA or PHBV-12% granules
under 1 MPa at 190°C for 30 seconds.

Composites of 0.2 fibre volume fraction
(Vi) produced by film stacking method
by alternatively stacking fibre mats with
matrix sheets inside a cavity mould.
The mould was heated to 195°C (PLA)
or 175°C (PHBV-12%) for 15 minutes
at 4MPa and cooled under pressure.

Degradation properties evaluated by
immersing 60 x 15 x 2mm samples
stored individually within 100ml of de-
ionised water. Samples subsequently
weighed (wet/dry) and mechanically
tested periodically across 6 weeks in
accordance with BS EN ISO
14125:1998+A1:2011. Samples of non-
filled polymer were used as controls.
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Figure 1 (Left): A) Sample media pH comparison over immersion period
C) Retention of Bend Strength over immersion period
SEM image of bulk porosity generated throughout matrix of composite
SEM image demonstrating successful impregnation of fibres with polymer matrix indicated by pore-to-pore separation
C) SEM image highlighting reduction in fibre cross-section through dissolution in relation to breakdown of fibre/matrix interface

Figure 2 (Right): A)
B)

« CorGlaes® Pure 107 PHBV-12% composites displayed reduced initial [To] mechanical properties compared
to a PLA matrix - attributed to the reduced elastic modulus of PHBV-12% (E = 0.5 GPa) in relation to
alternative NatureWorks® 3001D PLA matrix (E = 3.5 GPa).

« Large deviations observed in initial mechanical properties [To] due to continuous random fibre architecture
used in the composites design.

« All composite samples showed a rapid mass loss over first week of immersion [To—T] (Figure 1.A) that
correlated with pH drop in immersion media (Figure 1.B) and reduction in mechanical properties
(Figure 1. C/D) below those of the control samples. SEM analysis confirmed fibre dissolution over immersion
period and generation of porous matrix throughout composite (Figure 2).

« Rate of reduction in bend strength appeared reduced in PLA composites reaching plateau after three weeks
of immersion [To — T3] compared to first week of immersion [To —T4] with PHBV-12% matrix composites.

« Minimal discrepancy observed in rates of reduction of elastic modulus between PHBV-12% and PLA
composites - 64% and 73% reduction in modulus (E) over To —T4 for PLA and PHBV-12% respectively.

« Influence of CorGlaes® Pure 107 fibre dissolution, formation of phosphoric acid (H;PO,4) and resulting auto-
catalysis effect attributed to observed rapid mass loss and sharp drop in pH (related to glass composition).

CONCLUSIONS

« PHBV-12% offers a potential alternative candidate matrix material for PGF composites however mechanical
testing indicates that current PGF-PHBV-12% composites would not be suitable for load bearing applica-
tions.

« Increased hydrophobicity of PHBV-12% matrix failed to improve retention of composite mechanical proper-
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RESULTS AND
DISCUSSION

INTRODUCTION

PGF DISSOLUTION

Phosphate glass fibres (PGF) have potential as bio-
active reinforcement agent in degradable composites!
for bone tissue regenerative applications such as!
fracture fixation pins and plates. A key factor in the!
success of these materials is the gradual transfer of]
mechanical loading from the implant to the native
bone tissue during fracture healing (8-12 weeks) and
is dependant on the PGF dissolution rate (D;) "

All PGF D; were greater than those measured for annealed bulk disks (4x10° mg cm?hour) due to high surface|
area:volume ratios (SA:V) with fibres and autocatalysis effects (Figure 1. - 2.).

Decreased D, was observed with increasing ionic conductivity of different immersion media (Figure 2.).

DMEM contradicted the trend - showing significantly higher pH buffering and reduced D, compared to the ionic|
conductivity of distilled water, PBS and SBF.

Observed results were attributed to solution saturation with the least soluble ion relevant to the PGF
composition. DMEM showed the greatest saturation rates.

However no significant difference in initial ionic concentrations between DMEM and SBF (except for (HCOs|
ion) to account for solution saturation theory of DMEM (Table 1.).

Ultraphosphate glasses (>50 mol% P.0s) are a
compositional group highly suitable for fibre formation!
but are ptil to autocatalysis effects that|
accelerate PGF D, due to their acidic dissolution by-!

PGF daschtion pH sfer 24 PGF Dr Vs Media lonic TABLE 1. lonic concentrations
ours ductivity (M) of DMEM and SBF media

0030 ION | DMEM | SBF

products (HsPO,). This can alter the mechanicall ot . '« D Water N | 15456 | 14138
property retention of a PGF-composites , its bioactivity 0015 = +PBS K’ 5.37 50
and cytotoxicity due to the associated reductions in pH 0010 5 «SBF ca” 1.82 25
and accelerated release of ions from PGF @, i 00 Mg 08 15
I I I 0.000 + DVMEM HCO; | 440 22

However it has been observed that the D, of PGF can| Dk (8. G50 IEER Jonic conductiviy (m/om) H:c'hz e
be influenced by the ionic strength of the soaking soF | o8 o5

FIGURE 1. Media pH after 24 FIGURE 2. PGF Dr with different
media due an ionic buffering effect. Thus given the
interdisciplinary nature of characterising these
materials it is important to consider how their} PGF-PLA COMPOSITE DEGRADATION
degradation profile’s translate across the different|
media employed during testing. The degradation
properties of a PGF composition and PGF-PLA!
composite were d during a mechanical
degradation procedure as well as conditions replicat-|
ing those experienced in vitro.

« Rapid decreases in composite dry weight and flexural modulus were observed — attributed to PGF dissolution
over first week of immersion (To-T) despite significant differences between media pH (Figure 3. A/B/C)

« PGF dissolution confirmed by SEM analysis (Figure.5 A) with the formation of a porous PLA matrix.

« Rapid dissolution attributed to high SA:V ratio at the fibre-matrix interface that superseded potential buffering

effect of DMEM media as observed in fibres.

« Surface precipitate formed over the surface of DMEM degraded composite and within vacated fibre pores of}
degraded composite (Figure. 5.B-6).

e FTIR (Figure. 3.D) and XRD data (not shown) indicates the formation of possible amorphous calcium phos-

phate (ACP) [Cas(PO4),-3H,0] due to saturation of DMEM with Ca?* and PO,* ions from glass dissolution I,

« Consumption of ions from solution to form ACP precipitate may have aided the rapid dissolution by preventing

complete solution saturation and thus retardation of PGF dissolution rate.

MATERIALS
AND
METHODS

Dry Weight - D.Water Vs. C.  ElasticModulus - DWater Vs [5. FTIR ol CorGlaes® Pure 107
Ef E DME " and DMEM Composite Surface

PGF: Giltech® CorGlaes® Pure 107 PGF (@ = 20pm),
manufactured by melt spin method. Fibres were ma-
nipulated to form random continuous fibre mats

2 4

Elastic Modulus (Gpa)
( =
Absorbance

PGF-PLA Composites: 0.2 fibre volume fraction (Vi)
produced by compression molding (200°C, 4MPa, 15
minutes) using a film stacking method with Nature-
Works® 3001D PLA matrix .

1400 1200 1000 800 600 400

2 4 6
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FIGURE.3: Composite degradation D.Water Vis. DMEM A) Degradation media pH over 6 week period B) Dry weight over 6 week degradation
period C) Elastic modulus over 6 week immersion period D) FTIR of PGF and DMEM degraded composite precipitate

—CorGlaes® Pure 107 PGF
—DMEM composite precipitate

PGF_Dissolution: 20mm fibres degraded over 24
hours in static distilled water (D.water), simulated

2

and protein free, acellular Dulbecco's Modified Eagles

Medium (DMEM) at 15 cm®ml. Initial media ionic b = Phosphate based
strength and mass loss were recorded and D FIGURE. 5 SEM of D.Water and DMEM degraded composites 3 composite precipitate
Calculated showing porous PLA and precipitate deposition in pores >

Composite Degradation: 60 x 15 x 2mm samples|
were statically immersed in distilled water and DMEM
at 37°C (0.21 cm®ml). Sample weight (wet/dry) as
\well as media pH measured across 6 week (To-Ts) in-|
cubation period. Media was change every 3-4 days.
Samples were tested by a three point bend
technique following BS EN ISO 14125:1998+A1:2011.

FIGURE. 6 Surface deposition on DMEM degraded composite

PGF D; data will vary across testing media and thus different dissolution behaviour can be
expected between mechanical degradation and during in vitro cell culture (i.e. ion release
and weight loss).

Evidence that better representation of in vivo degradation is attained when degrading PGF
in DMEM media.

Equal rate of mechanical property depreciation and mass loss for PGF-PLA composites in
D.water and DMEM signal that mechanical data of PGF composites is reflective of in vitro
dissolution behaviour.

Presence of osteoinductive ACP advantageous for bone regenerative applications Bl
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