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Abstract

In the field of bone replacement therapy, biomaterials capable of acting in a scaffolding capacity
are under constant review and improvement. To operate as a scaffold material, several
requirements must be met. Initially, materials must exhibit mechanical properties similar to
natural bone. Degradability is another key requirement; the material must degrade at a rate
compatible with ongoing bone regeneration at the site of implantation. Finally, the implanted
product must induce a biological response to promote bone formation. In this regard, calcium
phosphate ceramics are commonly used in clinical applications to promote bone regeneration,
whilst composite materials containing several different components satisfying the above criteria

have also been developed.

The aim of the research described herein was to investigate the potential of combining polylactic
acid (PLA) and calcium phosphate (CaP) compounds together to develop composite materials
with good mechanical properties, degradability adjustability, and an increased potential for
promoting bone regeneration. CaP materials focused on B-tricalcium phosphate (B-TCP) and
magnesium substituted p-tricalcium phosphate (Mg-TCP), whilst an industrial collaboration
provided a protein (casein) alternative to investigate. p-TCP samples were synthesised using a
surfactant templated process, which allowed for control over the size, morphology and surface
area of samples. Cationic substitutions of magnesium for calcium, at a range of levels, were
carried out to study the mechanism of substitution into the crystal structure of B-TCP. All films
were synthesised via the solvent casting method, and the composition and surface morphology
was characterised. The degradation of non-filled PLA and composite films was analysed in
deionised water, and the bioactive potential of the films was determined in simulated body fluid
(SBF). Tensile strength measurements of the films were noted at several time points throughout
the degradative process to evaluate maintenance of mechanical stability.In vitro assessment of
the films was investigated with immunofluorescence and real time polymerase chain reaction (g-

PCR) evaluations.

This project addresses the various steps necessary to successfully synthesise a scaffold
biomaterial for acceptable bone replacement, from the initial synthesis of the filler materials,
through to the various mechanical and biological assessments which must be conducted to the

suitability of said materials for use in clinical applications.
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Figure 5.10 SEM images of 40 wt% PLA-BTCP film at (a) 1 k, (b) 5 k, (c) 10 k and (d) 20 k

magnification (scale bars (a) 10 pm and (b-d) 2 um, respectively)

Most of the B-TCP is covered by PLA, as seen in Figure 5.10 (a), with a fairly even
distribution of filler throughout the film. However, closer inspection (Figures 5.10 (c) and
(d)), shows that some larger B-TCP agglomerates have exposed surfaces. Small singular
particles are seen in the films, at an average size of 0.1 um, with agglomerates ranging

from 0.5 to 2 um.

40 wt% PLA-MgTCP composite film

The surface morphology of the 40 wt% PLA-MgTCP composite film is shown in Figure
5.11. For this composite there are areas in which mainly PLA resides (Figure 5.11 (a)),
whilst the filler is grouped together in large clusters (Figure 5.11 (b)). Figures 5.11 (c) and
(d) show that MgTCP has grouped together in a tight and seemingly organised manner.
Particles appear flattened with regards to the surface, and cubical in shape.
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Figure 5.11 SEM images of 40 wt% PLA-MgTCP film at (a) 1 k, (b) 5k, (c) 10 k and (d) 20 k

magnification (scale bars (a) 10 pm, (b-c) 2 pm and (d) 1 ym, respectively)

40 wt% PLA-casein composite film

Similarly to the equivalent weight percentages of B-TCP and MgTCP, Figure 5.12 (a)
indicates that the casein nanoclusters have been well distributed throughout the polymer
film. As magnification increases, clusters of filler material can be observed, ranging in size
from ~ 0.2 um to 2 um. Almost all of the casein material is covered by PLA, only a few

areas of the clusters appear to be exposed at the surface (Figure 5.12 (b)).
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Figure 5.12 SEM images of 40 wt% PLA/Casein film at (a) 1 k, (b) 5 k, (c) 10 k and (d) 20 k

magnification (scale bars (a) 10 ym and (b-d) 2 ym)

60 wt% PLA-BTCPcomposite film

In the first of the three higher wt% filler composite films, a difference in dispersion can
immediately be seen. Higher filler content is seen throughout the film (Figure 5.13 (a)) and
agglomerated clusters are significantly larger, in the range of 1 um to 5 um (Figure 5.13
(b)). Not all of the surfaces of the larger clusters are covered by PLA; some are exposed to
the surface.
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Figure 5.13 SEM images of 60 wt% PLA-BTCP film at (a) 1 k, (b) 5 k, (c) 10 k and (d) 20 k

magnification (scale bars (a) 10 pm and (b-d) 2 ym, respectively)

60 wt% PLA-MgTCPcomposite film

Figure 5.14 shows the surface morphology of the 60 wt% composite film containing
MgTCP. It can be observed that, although the filler particles are distributed throughout the
sample, in this case more than any other there are large clusters of filler intermittently
spaced, whilst all other particles appear significantly smaller. These clusters are typically
~3.5 um across. As seen for previous samples, the tips of these clusters remain uncovered
by PLA.
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Figure 5.14 SEM images of 60 wt% PLA-MgTCP film at (a) 1 k, (b) 5k, (c) 10 k and (d) 20 k

magnification (scale bars (a) 10 pm and (b-d) 2 ym, respectively)

60 wt% PLA-casein composite film

Incorporating the casein nanoclusters at a higher wt% has had a substantial effect on the
surface morphology of the film. Pores are visible on the surface (Figure 5.15 (b)), whilst
craters have appeared on the surface to give the film a rough, textured appearance (Figure

5.15 (c)). Itis difficult to distinguish the filler material from the polymer matrix.
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Figure 5.15 SEM images of 60 wt% PLA-casein film at (a) 1 k, (b) 10 k, (c) x125 and (d) x 325
(scale bars (a) 10 pm, (b) 1 pm and (c-d) 100 um, respectively)

5.3.3 Raman Spectroscopy

PLA film

The Raman spectrum of the PLA film is shown in Figure 5.16. Its structure is confirmed
through the presence of specific peaks, including one at 877 cm™, attributable to carbon-
carbonyl bond stretching (C-COO). Peaks at 1040 and 1452 cm™ correspond to C-CHs;
stretches and CH3 bending, respectively, whilst the C=0 carbonyl stretch is identified at
1766 cm™, ™
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Figure 5.17 shows the Raman spectrum for the 40 wt% PLA-BTCP composite film.

Characteristic peaks of both the filler and matrix material can be observed; 876cm™

corresponds to the carbon-carbonyl stretch in PLA, whilst the distinct stretch at 960 cm™ is

attributable to the vl PO, stretch in the B-TCP crystal structure, in correlation with the

stretch visible in the Raman spectrum

of B-TCP in Figure 4.15. The broad peak visible

between ~500-800 cm™ comprises of peaks related to PO,> bending (585cm™) and

asymmetric stretching (774 cm™).%
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Figure 5.17 Raman spectrum of PLA-BTCP composite film
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PLA-MgTCP composite film

The Raman spectrum of PLA-MgTCP also shows peaks corresponding to both PLA and -
TCP. The carbon-carbonyl stretch of the C-COO bond in PLA and the v1 PO, stretch in B-
TCP are observed in Figure 5.18. The broad peak visible between ~500-800 cm™*comprises
again of peaks related to PO,> bending (585cm™) and asymmetric stretching (774 cm™).
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Figure 5.18 Raman spectrum of PLA-MgTCP composite film

PLA/casein composite film

Without specific information regarding the final structure and composition of the casein
material, it is difficult to assign accurately specific peaks in Figure 5.19. PLA peaks are
still observed, yet the intensity of the vl PO, peak has been reduced significantly,

indicating that the calcium phosphate component of the material is not B-TCP.
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Figure 5.19 Raman spectrum of PLA-casein composite film
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5.3.4 Degradation

Degradation studies aimed to investigate the effect that filler content and filler volume had
on the rate of degradation of PLA and PLA composite films. All films were subjected to
the same experimental conditions: incubation in deionised water at 37 °C for up to 8

weeks.

PLA film

Figure 5.20 shows the absorption behaviour of PLA films, and the percentage wet weight
gain throughout the experiment. PLA initially absorbed water in its 1% and 2" weeks,
reaching a maximum of 0.11%, before the weight began to decrease. A continual decrease
in weight was thereafter observed until the end of testing, wherein a maximum loss of

1.05% was recorded.

PLA

Weight gain (%)

25 -

Incubation time (weeks)

Figure 5.20 Percentage wet weight gain by PLA films after incubation in deionised water at

37 °C, for a maximum of 8 weeks. Mean + SD, n =5 at each time point.

Figure 5.21 shows the percentage dry weight loss recorded for PLA films. PLA
progressively loses weight at each time point, until a maximum weight loss of 2.22% is

observed after 8 weeks.
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Figure 5.21 Percentage dry weight loss of PLA films after incubation in deionised water at

37 °C, for a maximum of 8 weeks. Mean + SD, n =5 at each time point.

PLA-B TCP composite film

Figure 5.22 illustrates the difference in percentage wet weight gain between 40 and 60
wt% PLA-BTCP composite films, and non-filled PLA film. No initial absorption of water
is witnessed for the 40 wt% PLA-BTCP composites, in comparison to that observed for the
PLA film. The 40 wt% PLA-BTCP film continually decreases in mass at every stage of the
measurement, until reaching a maximum wet weight loss of 0.85% at 8 weeks. An initial
absorption of water is observed for the 60 wt% PLA-BTCP in the 1st week, with a wet
weight gain of 0.53%. From weeks 2-8, however, the overall wet weight mass is seen to
decrease, with a final loss of 0.88%. PLA, in comparison, loses more overall wet weight
mass with 1.05%
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Figure 5.22 Percentage wet weight gain by 40 and 60 wt% PLA-BTCP films after incubation
in deionised water at 37 °C, for a maximum of 8 weeks.Mean + SD, n =5 at each time point. *
=p <0.05 compared to non filled PLA, paired t-test.

Comparing the dry weight losses of 40 and 60 wt% PLA-BTCP and PLA films (Figure
5.23), the 40 and 60 wt % PLA-BTCP films degrade faster, and lose more overall mass,
than the PLA film. A maximum weight loss of 2.54% for the 40 wt% PLA-BTCP film,
compared to 2.22% for the PLA equivalent, provides early indications that filler content
may influence degradation rate. Degradation rates are significantly accelerated with
regards to the 60 wt% PLA-BTCP. By the 4™ week the filled composite has already lost
3.37% of its overall mass, whilst the unfilled PLA has only lost 1.24%. The highest overall
mass loss is seen in this sample out of any other composite film tested; with a 4.83% loss,

it loses over twice the mass of the comparative PLA film.
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Figure 5.23 Percentage dry weight loss of 40 and 60 wt% PLA-BTCP films after incubation in
deionised water at 37 °C, for a maximum of 8 weeks.Mean £ SD, n =5 at each time point.

*=p < 0.05 compared to non filled PLA, paired t-test.

PLA- MgTCP composite film

Figure 5.24 shows the percentage wet weight gain of 40 and 60 wt% PLA-MgTCP
composite films, versus the control PLA film.The 40 wt% PLA-MgTCP film shows no
initial absorption of water and continually decreases in mass at every measurement, until
an overall wet weight loss of 1.03% is reached. This is almost identical to the wet weight
loss noted for the PLA film (1.05%). A higher initial absorption of water is shown for the
60 wt% PLA-MgTCP film than the PLA film, with respective values of 0.33% and 0.04%.
A higher overall wet weight loss of 1.14% is shown for the 60 wt% PLA-MgTCP film.
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Figure 5.24 Percentage wet weight gain by 40 and 60 wt% PLA-MgTCP films after incubation
in deionised water at 37 °C, for a maximum of 8 weeks.Mean £ SD, n =5 at each time point. *

=p <0.05 compared to non filled PLA, paired t-test.

Figure 5.25 compares the percentage dry weight loss of 40 and 60 wt% PLA-MgTCPfilms
to PLA film. Similarly to that observed for the non substituted -TCP composite film
(Figure 5.23), an increase in the overall rate of degradation and mass loss is observed. The
40 wt% PLA-MQgTCP films decrease in mass slightly more so than the PLA films, with
overall mass losses of 2.28% and 2.22% noted for the 40 wt% PLA-MgTCP and PLA

films, respectively.

The effect of filler content and volume is further shown with regards to the 60 wt%
MgTCP film, with an illustration that increasing the filler volume increases both the rate of
degradation, and overall mass loss (Figure 5.25). The 60 wt% PLA-MgTCP film provides
an overall mass loss of 3.98%, which is nearly double that of PLA. Degradation rates are
also much quicker; by the 2" week the mass loss of the 60 wt% PLA-MgTCP film is
1.43%, whilst for PLA the mass loss is only 0.41%.
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Figure 5.25 Percentage dry weight loss of 40 and 60 wt% PLA-MgTCP films after incubation
in deionised water at 37 °C, for a maximum of 8 weeks.Mean £+ SD, n =5 at each time point. *

=p <0.05 compared to non filled PLA, paired t-test.

PLA- casein composite film

Figure 5.26 shows the percentage wet weight gain by 40 and 60 wt% PLA-casein film
versus PLA film. A substantial weight loss of 1.2% is observed for the 40 wt% PLA-casein
films in the 1% week; the rate of weight loss thereafter decreases, and after 8 weeks an
overall wet weight loss of 2.33% is recorded.The 60 wt% PLA-casein film shows
substantial weight loss in the experiment, with an overall mass loss of 3.42% noted at the
8" week, compared to 1.05% for the PLA film at the same time point. This is substantially

greater than any other wet weight loss noted thus far.
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Figure 5.26 Percentage wet weight gain by 40 and 60 wt% PLA-casein films after incubation
in deionised water at 37 °C, for a maximum of 8 weeks.Mean + SD, n =5 at each time point. *
=p <0.05 compared to non filled PLA, paired t-test.

The dry weight loss of 40 and 60 wt% PLA-casein films is compared to PLA film in
Figure 5.27. It is obvious that the 40 wt% PLA-casein film degrades faster than the PLA
film; in the 1° week the 40 wt% PLA-casein film loses 1.4% of its overall mass, whilst
PLA only loses 0.07% of its overall mass at the same time point. The rate of weight loss
slows down thereafter for the 40 wt% PLA-caseinfilm, with a total mass loss of 2.72%,
compared to 2.22% for PLA, seen at 8 weeks.At each stage of measurement for the 60
Wt% casein film, whether it was the 1%, 2", 4™ or 8" week, the 60 wt% PLA-Casein film
showed increased levels of degradation when compared to the unfilled PLA film. An
overall mass loss of 3.95% for the 60 wt% PLA-casein film was noted; substantially higher
than the 2.22% overall mass loss of PLA.
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Figure 5.27 Percentage dry weight loss of 40 and 60 wt% PLA-casein films after incubation
in deionised water at 37 °C, for a maximum of 8 weeks. Mean = SD, n =5 at each time point. *
=p <0.05 compared to non filled PLA, paired t-test.

5.3.5 Mechanical properties

Figure 5.28 shows typical stress/strain curves for the PLA and composite films. The PLA
film is ductile, with the highest tensile strength. All composite films demonstrate lower
strain to failure than the non-filled PLA. The PLA-BTCP and PLA-MgTCP show strengths
one fifth or less than the non-filled PLA, which is further reduced as the filler content
increases from 40 to 60 wt%. However the strength is increased from the 40 wt % casein
filled film, but at 60 wt% casein the strength is drastically reduced to a lower level similar
to the 60 wt% B-TCP and Mg-TCP films. Casein composites are more ductile than the
other composite films. Increasing each of the filler volumes from 40 to 60 wt% reduces the
strength of the films and decreases strain.
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Figure 5.28 Typical stress and strain curves for each of the PLA and composite films

Figure 5.29 shows the tensile strengths of each composite film on day zero of the
degradation experiment i.e. before incubation in deionised water. This provides a good

basis of comparison of the relative starting strengths for each of the composite films.
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Figure 5.29 Tensile strengths of composite films before incubation. Mean = + SD, n=5.

The highest initial tensile strength is seen for the 40 wt% PLA-casein film, at 37.4 MPa.
The unfilled PLA film is the second strongest at 31.6 MPa, after which the tensile strengths
drop considerably for the 40 wt % PLA-BTCP (5.48 MPa) and 40 wt% PLA-MgTCP (4.78
MPa) composite films. Each of the 60 wt% composite films is weaker than the
corresponding 40 wt% films, for example the 60 wt% PLA-BTCP films yielded a max
strength of 2.45 MPa, compared to 5.48 MPa observed for the 40 wt% PLA-BTCP film.

The tensile strengths of each composite material were measured over the degradation
period, to analyse how the incubation affected the mechanical integrity of each film. Figure
5.30 illustrates the effect that incubation duration has on tensile strength in the unfilled
PLA films. As time progresses, the tensile strength decreases gradually, to eventually
provide an overall reduction in strength of 40% after 8 weeks incubation in SBF. The
sharpest drop in strength is between weeks 1 and 2, where the ability of the composite to

withstand stress reduces from a tensile strength of 30.04 MPa to 25.58 MPa.
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Figure 5.30 Tensile strength of PLA films after incubation in deionised water at 37 °C, for a

maximum of 8 weeks. Mean + SD, n =5 at each time point.

To investigate whether any of the fillers employed in this research could improve upon
PLAs ability to withstand load during the degradative process, changes in tensile strength
of the filled films were compared to that of the non-filled PLA material. Figure 5.31 charts
the correlation between tensile strength and incubation period in the 40 and 60 wt% PLA-
BTCP films. Whilst a decrease of 40% was noted for the PLA films, it is clear that the
inclusion of the calcium phosphate ceramic allowed the composite to withstand mechanical
testing during incubation, without as drastic a reduction in strength. Over the 8 week
period, a reduction in strength of 15% was observed in the 40 wt% PLA-BTCPfilm; greatly
improved on the larger reduction seen for PLA, although the two films initial strengths
were very different. Similarly to the PLA films, the sharpest reduction in strength was
witnessed between weeks 1 and 2, wherein there is a drop from 5.27 MPa to 4.84 MPa.
Whilst the 40 wt% composites generally demonstrated a gradual drop in strength, results
for the 60 wt% samples show a more staggered drop in mechanical integrity. A
pronounced drop from 2.45 MPa to 1.52 MPa occurs between week 0 and 1, whilst very
little change occurs between weeks 1 and 2. A similar pattern is seen for the second period
of the degradation process, with a decrease of 1.44 MPa to 0.72 MPa between weeks 2 and
4, then very little change for the rest of the experiment. Compared to the 40 wt% films, a
substantial loss of 76% of the materials tensile strength is seen. This is higher than the 40%
lost by the unfilled PLA films, and is much higher again that the 40 wt% PLA-BTCP films,

which only suffered an overall loss of 15% tensile strength.
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Figure 5.31 Tensile strength of 40 and 60 wt% PLA-BTCP films after incubation in deionised
water at 37 °C, for a maximum of 8 weeks.Mean + SD, n =5 at each time point.* = p <0.05
compared to non filled PLA, paired t-test.

Figure 5.32 illustrates changes in tensile strength as a direct result of increasing incubation
duration for the 40 and 60 wt% PLA-MgTCP films. Similarly to that seen for the
corresponding 40 wt % PLA-BTCP films, there is not as drastic a reduction in strength for
these films, when compared to the unfilled PLA composites: only 14%, compared to 40%
for PLA. The most significant weakening for these samples occurred in the first week of
incubation, where tensile strength dropped from 4.78 MPa to 4.51 MPa.In contrast, the
higher filled 60 wt% filmsshow an overall decrease in tensile strength of 70%, obtained
after 8 weeks incubation. This is in keeping with the large reduction in tensile strength
witnessed for the 60 wt% PLA-BTCP films, wherein a 76% reduction was observed.There
is a gradual decrease in mechanical strength of the higher loaded films over the 8 week
incubation period, with the highest loss of strength observed in the early weeks of the

experiment. Between weeks 0 and 1, the strength drops from 2.59 MPato 1.74 MPa.
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Figure 5.32 Tensile strength of 40 and 60 wt% PLA-MgTCP films after incubation in

deionised water at 37 °C, for a maximum of 8 weeks.Mean + SD, n =5 at each time point.

The 40 wt% PLA-casein samples yielded the highest initial tensile strength out of all of the
composite films, and changes in strength of these, and the 60 wt% films, are plotted against
incubation time in Figure 5.33. A gradual decrease is seen across the 8 weeks, with no
particular time point losing significantly more strength than another. The overall reduction
in strength is 29% after 8 weeks; the largest decrease of all the 40 wt% films thus far. With
regards to the higher loaded composite films, very little change in the tensile strength is
seen between weeks 0 and 1, and a gradual reduction is seen for the following weeks until
the experiments end at week 8. An overall reduction in tensile strength of 56% is noted for
this composite; these samples have maintained their mechanical strength best out of the
three 60 wt% films.
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Figure 5.33 Tensile strength of 40 and 60 wt% PLA-Casein Ca P films after incubation in
deionised water at 37 °C, for a maximum of 8 weeks.Mean + SD, n =5 at each time point.*=p

< 0.05 compared to non filled PLA, paired t-test.

5.3.6 Bioactivity

Figure 5.34 (a) displays the SEM images of the PLA control film and all of the composite
films after 28 days immersion in SBF. No apatite formation is observed on the surface of
the PLA control film; only surface impurities are visible, similar to those seen in Figure
5.9. Distinct from the corresponding image of the PLA control, the SEM image of the 40%
PLA-BTCP (Figure 5.34 (b)) surface shows the formation of a layer of apatite on the
surface of the film. Covering most of the sample surface, the apatite is dense, thick, and
consists of several layers. SEM imaging of 60 wt% PLA-BTCP composites showed
heightened levels of apatite on the surface of the films (Figure 5.34 (c)). Apatite covered
large areas of the surface, and the layer appeared to be growing outwards of the films
surface 3-dimensionally, indicating that substantial amounts of apatite had been formed

during the 28 day immersion in SBF.

Very little apatite formation is observed on the surface of the 40 wt% PLA-MgTCP
composites, seen in Figure 5.34 (d). It should be noted that this particular sample was
charging very strongly, and thus it was very difficult to attain a high quality SEM image of
the surface morphology of the film. The surface is largely unaffected by the 28 days
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immersion in SBF. In contrast to results observed for 60 wt% PLA-BTCP samples, 60 wt%
PLA-MgTCP composites again show no apatite formation on the surface of the film after
immersion in SBF solution for 28 days, as shown in Figure 5.34 (e). It is therefore apparent
that the MgTCP samples do not facilitate the growth of an apatite layer onto the film
surface. Composite films of 40 wt% PLA-casein were imaged under SEM, and can be seen
in Figure 5.34 (f). After 28 days immersion in SBF, no dense apatite layer has been formed
on the surface of the film. Several larger clumps of material appear visible on the film, but
these could be the result of sodium chloride salt deposition, or surface impurities. Figure
5.34 (g) shows the SEM image of the 60 wt% PLA-casein sample, which again shows no
difference in surface morphology, despite immersion in SBF after 28 days
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Figure 5.34 (a-g) SEM images of (a) PLA, (b) 40 wt% TCP, (c) 60 wt% TCP, (d) 40 wt% MgTCP
(e) 60 wt% MgTCP, (f) 40 wt% Casein and (g) 60 wt% Casein at 28 days after immersion in
SBF

The EDX spectrum of the PLA film is shown in Figure 5.35 (a). It can be seen that the
spectrum shows no Ca or P peaks, which would be indicative of an apatite layer forming
on the film surface. The only peaks visible are those of C and O, corresponding to carbon
and oxygen present in the polymer, and those of Na and CI. The latter two peaks most
likely arise from deposition of NaCl from the SBF solution onto the film surface. Figure
5.35 (b) shows the corresponding spectrum for the 40 wt% PLA-BTCP composite, which
does indicate the presence of an apatite layer on the surface of the film. Whilst peaks for C
and O again correspond to the polymer film, peaks belonging to Ca and P confirm apatite
formation.EDX of the 60 wt% PLA-BTCP confirms significant growth of an apatite layer
on the film, with stronger, higher intensity peaks for P and Ca in this spectrum, compared
to that of the 40 wt % sample.

Figure 5.35 (d) displays the EDX analysis for the 40 wt% PLA-MgTCP film. In
accordance with the lack of apatite seen on the SEM image, there is no phosphorus peak on
the sample, and peaks corresponding to calcium are weak, both of which indicate that no
surface apatite has been formed. High intensity peaks for Na and CI allude that large
amounts of sodium chloride has been deposited from the SBF solution, and C and O peaks
again are due to the carbon and oxygen in the polymer film. Similar results are observed
for the 60 wt% PLA-MgTCP film, in that no evidence of apatite formation is presented
(Figure 5.35 (e)).

EDX analysis of the 40 wt% PLA-casein film, after 28 days immersion in SBF, does not
show the presence of apatite on the film surface (Figure 5.35 (f)). Only peaks attributable
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to PLA and NaCl are visible. This result is also maintained in the 60 wt% version of the

composite film.
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Figure 5.35 (a-g) EDX spectra of (a) PLA, (b) 40 wt% TCP, (c) 60 wt% TCP, (d) 40 wt% MgTCP
(e) 60 wt% MgTCP, (f) 40 wt% Casein and (g) 60 wt% Casein at 28 days after immersion in
SBF.

5.4 Discussion

Composites were chosen for use in this research because, currently, no single material
exists which encompasses both adequate levels of bioactivity and mechanical properties
similar to those of natural bone. Introducing filler materials into polymer films allows for
greater control over the materials properties, including degradation rates and mechanical
strength. In particular, the rate of degradation is studied through the addition of different
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Ca P compounds; with primary focus on the influence B-TCP has on PLAs degradation
rate. B-TCP is known and used in biomaterials for its resorbability and it is the aim of this
work to produce materials with potential applications as scaffolds in areas of the body
where high levels of bone regeneration are needed. This would require materials with
controlled degradation rates, in order for the newly formed bone to replace the scaffold at
the same rate as the scaffold degrades. Casein composites were synthesised primarily to
evaluate their influence on cellular activity, but their degradation and mechanical

properties have also been considered.

SEM imaging allowed the surfaces of the films to be studied, and also showed how the
filler materials dispersed throughout the polymer matrix. Images of the unfilled PLA film
indicated that the surface of the films was smooth. Each of the filled composite films,
however, showed rougher surfaces. All B-TCP filler materials, both substituted and
unsubstituted, were agglomerated fused spheres with smooth surfaces (Chapter 4). Casein
nanoparticles, on the other hand, showed much less particle agglomeration. The
morphology and extent of agglomeration in the filler particles appears to influence the
degree of dispersion in the film. Those films which contained either form of B-TCP
showed clusters of material forming throughout the film, as opposed to dispersing evenly.
Casein nanoparticles were able to disperse to a greater and more even extent, although
slight areas of clusters were still observed. In the 40 wt% films, the majority of the filler
material was covered by a thin layer of PLA, with only the peaks of clusters uncovered and
exposed to the surface. An increase in wt% of filler resulted in an increased amount of
filler material exposed to the surface. Exposing filler particles at the surface, and thereby
creating materials with a rougher surface, could be advantageous to the bioactivity of the
composites, because research has shown rough surfaces to increase cell adhesion and

differentiation.!

Raman spectra of the materials allowed for the identification of both matrix and filler
components of the composite, and proved that the mixing stage of the synthesis was only
physical and that no chemical reactions had occurred between the two components.
Characteristic peaks for PLA were identified at 877cm™(C-COO stretching), 1040cm™(C-
CHj stretching) and 1766cm™(C=0 stretching). The presence of B-TCP was confirmed by
the strong peak at 960 cm™, which is attributed to the v1 PO, stretch.
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Degradation studies investigate the rate at which materials degrade when placed in an
aqueous medium. The first stage in the degradation process is the absorption of water into
the composite; this initiates hydrolytic decomposition of the polymer chain.** Upon
decomposition, oligomers are produced, which can be formed either on the surface or
inside the matrix. Those formed on the matrix surface are able to easily escape into the
surrounding solution, whilst those formed in the inside are forced to diffuse out slowly to
the surface. In many instances the oligomers do not reach the surface, and instead cause an
autocatalytic effect, increasing the rate of degradation inside the material.®* However, in
the case of the composites produced in these researches, which are very thin, this process

seems unlikely to occur.

Although this degradation study focuses on the breakdown of PLA, it should be noted that
dissolution of the filler particles into the surrounding solution will also influence mass loss.
Amongst the PLA and both PLA-BTCP films, the least wet weight gain was observed by
PLA. This is expected, as PLA is hydrophobic, and the unfilled film has no interfaces
between filler particles and matrix through which water can diffuse. Those composite films
with a higher wt% absorbed the maximum amount of liquid after the 1% week, confirming
a relationship between the level of filler present, and the volume of liquid absorbed. This
correlation has been confirmed in previous studies, wherein larger wt% of filler materials
leads to more liquid absorption.®* As it is believed that water tends to concentrate at the
particle-matrix interface, it is probable that more filler results in more interface area for
water to be adsorbed. After the initial 1% week the absorption levels decreased across all
composites, indicating that polymer degradation and/or particle dissolution was

contributing to mass loss.

The highest overall mass loss was seen in the 60 wt% PLA-BTCP film, with 4.98% of its
original mass lost after 8 weeks. Each of the higher wi% filler composites showed
significantly higher mass losses than their equivalents at 40 wt%. This could be due to
increased dissolution of the particles. The PLA film lost, in comparison, 2.2% in 8 weeks.
Each of the four TCP composite films, whether at 40 wt% or 60 wt%, all increased the rate
of degradation of the PLA in the composite. This is in agreement with other studies, which

argue that the increased resorbability and dissolution of B-TCP aids degradation.®

The degradation results discussed above have not taken into account those of the casein

composites: these will be discussed separately. It is difficult to assess the rationale behind
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degradation results without a thorough knowledge of the filler material. In both composite
films, the lowest wet gain is observed, with losses of 2.3% and 3.4% for the 40 wt% and 60
wt% composite films, respectively. This indicates that the material is unable to absorb any
liquid into the composite film, suggesting that the casein protein may be hydrophobic.
Mass losses of 2.7% and 3.9% were noted for the 40 wi% and 60 wt% at 8 weeks,

respectively.

In addition to degradative and bioactive properties, materials used in a scaffoldingcapacity
must also be able to withstand the mechanical pressures exerted on them at the site of
implantation. It is essential that they maintain adequate mechanical strength throughout the
early degradation process, despite the ongoing decreases in molecular mass.Figure 5.29
displayed the initial tensile strengths of the composite films. The unfilled PLA film, with
strength of 31.6 MPa, is below the typical range quoted for this polymer.® Casein

nanopowders have reinforced the PLA matrix and increased its tensile strength.

It is evident from Figure 5.29 that the inclusion of the B-TCP particles synthesised in
Chapters 3 and 4, both non-substituted and substituted, have a detrimental effect on the
mechanical properties of the composite films. Loboa et al also found that the addition of -
TCP caused significant weakening in the tensile strength of PLA films, causing a decrease
from 847 + 89.43 kPa for neat PLA, to 336 + 31.87 kPa for a PLA film with 5 wt % of -
TCP added.®” Research shows that when particle to particle contact occurs within a
polymer composite material, in that polymer does not completely surround each of the
filler particles, the strength of the composite is compromised.®® Further works would
therefore concentrate on ensuring that thicker samples have better coverage of the filler
with PLA. SEM images of all B-TCP samples show samples with severe agglomeration
(Figure 5.36):
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Figure 5.36 SEM micrographs showing the presence of highly porous agglomerated
samples of a) B-TCP and b) MgTCP at 3000x

It could therefore be conceived that, whilst using these compounds as filler materials, the
PLA polymer would never be able to infiltrate the agglomerated clusters and completely
surround each particle separately. This means that there are high levels of B-TCP to B-TCP
particle contact within the composite films, which leads to the low strength values
observed in these films. In the case of the 60 wt% films, the situation is only worsened
with the increase in filler content, as is seen in Figures 5.13 and 5.14. Even more particle to
particle contact occurs, which accounts for the decrease in strength for these higher loaded

films, in comparison to their 40 wt% counterparts.

One issue encountered in the mechanical testing of these composite films was the
measurement of the sample thicknesses. As they were typically between 1.4-1.5 x 10 m, it
proved difficult to attain accurate measurements. As discussed in section 5.2.2.5, laser
displacement measurements were taken of the films; however several points in the film
were averaged, and thereafter used as the sample thickness. The low strength observed in
several of the composite films will result from the thinnest point in the films, yet the
sample thicknesses used are averages which include some of the thickest points of the film.
Therefore, an inaccurate representation exists between the mechanical properties and the

sample thicknesses.

Individual studies of tensile strength variation with incubation in deionised water were
conducted for each composite film. For both the B-TCP and MgTCP 40 wt% films, there
was the minimum change in tensile strength, indicating that these two composites retained
tensile strength effectively. The calcium phosphate materials have reinforced the PLA
composites, and enabled them to withstand stresses throughout the incubation period with
minimal loss. This is reinforced by reference to degradative results: PLA, B-TCP and
MgTCP lost 2.22%, 2.54% and 2.28% of their dry mass loss over 8 weeks, respectively.
With very little difference in overall mass loss, it can be assumed that such retention of
strength is due to the presence of the filler. For the corresponding 60 wt% B-TCP and B-
MgTCP films, the opposite is true; losses of 76% and 70% of tensile strength, respectively
demonstrate that the filler materials have hindered the retention of mechanical strength.
Again, it must be reminded that the higher loaded films degraded substantially throughout

the same time period, which will naturally detrimentally affect the ability of the composite
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films to withstand mechanical stress. There are two processes occurring simultaneously in
solution, the first of which is the degradation of PLA to lactic acid, which is therefore
chemically buffered by the B-TCP, keeping the pH neutral. Secondly, the absorption of
liquid to the filler particle-polymer interface increases degradation at the interface. It
appears that at 40 wt% the chemical buffering process is predominating, while at 60 wt%

interface failure is the major problem.

Apatite layers are formed on the surface of bioactive materials upon implantation.® This
layer consists of carbonate-containing hydroxyapatite, which is similar in composition and
structure to bone apatite. As a result, osteoblasts are able to proliferate and differentiate
preferentially on this apatite layer, producing apatite and collagen. It was proposed by
Kokubo et al that the formation of an apatite layer on an artificial material was an essential
requirement to bond to living bone.? To assess the potential bioactivity of materials in this
capacity, but without the multiple complications of in vivo experiments, Kokubo
synthesised a solution, Simulated Body Fluid (SBF), which mimicks ion concentrations
nearly equal to those of human blood plasma. The evaluation was made that if an apatitic
layer was formed in SBF, then that same material would induce the same formation of the
bioactive layer in vivo. The apatite layer is formed from the initial formation of apatite
nuclei which subsequently grow, consuming calcium and phosphate ions from the SBF

solution.

After immersing all composite films in SBF solution for 28 days, the formation of an
apatitic layer was highest on the 60 wt% PLA-BTCP samples, followed thereafter by the 40
wt% BTCP composite. The unfilled PLA film, in contrast, showed no apatite formation on
its surface. Whilst a lack of apatite on the PLA film was expected, its absence was
surprising with respect to the 40 wt% PLA-MgTCP and 60 wt% PLA-MgTCP films. The
only difference in chemical composition between these, and the two B-TCP films which
gave positive bioactivity results, was the substitution of Mg into the crystal structure. As
this compositional change is so small, it is safe to assume that the difference in results must
be a consequence of changes in surface area and dispersion of the filler material throughout
the polymer film. Apatite layers preferentially form directly on top of bioactive calcium
phosphate materials, and so if the filler material is severely agglomerated and poorly
dispersed throughout the film; it can be assumed that the formation of apatite would be
inhibited, as the apatite needs a nucleation point in the form of a filler particle to initiate
deposition on the surface. SEM images of both the 40 wt% PLA-MgTCP and 60 wt%
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PLA-MgTCP samples (Figures 5.11and 5.14) show the filler material to be agglomerated
into large clusters, instead of being finely dispersed throughout the film. Although the
equivalent B-TCP films also show agglomeration, it is not to the same extent. Both casein
composite films, at both 40 and 60 wt%, show no apatite formation, despite the filler being
dispersed finely throughout the surface of the film. It can therefore be concluded that the

casein nanoclusters are not bioactive.

5.5 Conclusions

Non-filled PLA and PLA composite films were analysed using Raman spectroscopy, and
surface features studied by SEM. Films with higher wt% of filler material exhibited
surfaces with a roughened morphology and clusters of materials exposed at the surface,
uncovered by PLA.

Degradation studies focused on the water absorption and weight loss of each film. Water
absorption increased with filler content in the composite materials. Dry weight loss takes
into account two processes contributing to overall mass loss; PLA breakdown and
dissolution of filler particles. The highest overall mass loss was seen in the 60 wt% PLA-
BTCP film, and each of the higher wt% composites showed substantially higher mass
losses than their equivalents at 40 wt%. Dissolution of particles into surrounding solution
is believed to be largely responsible for the increased mass loss. The degradation rate of
PLA composite films can thus be adjusted by varying the concentration of calcium

phosphate filler materials.

This study showed that the tensile strength of PLA composite materials depends on both
the filler material and its concentration within the film. In all cases, as wt% of filler
increased, the tensile strength of the films decreased. The 40 wt% PLA-Casein film was
the only material to exhibit a stronger tensile strength than neat PLA, but this also
decreased with an increase to 60 wt%. Interface failure is believed to be the major problem
with the 60 wt% films, whilst particle-particle contact could explain the generally low

strength results attained for the 40 wt%.

Bioactivity testing on all films, using SBF, showed formation of an apatite layer on both of
the 40 and 60 wt% PLA-BTCP composite materials. Apatite layers were absent from all

other samples.
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In order for a biomaterial to be employed successfully in a scaffolding capacity, it must
possess mechanical properties similar to bone, and have a degradation rate which can be
adjusted to suit a range of clinical applications. However, it is not enough for a material to
fulfil the mechanical and physical requirements of a scaffolding material; it must also illicit
a biological response to encourage osteogenesis. The composite films tested in this chapter

will be assessed for their biological activity in the next chapter.



207

5.6 References

1 Springer Handbook of Mechanical Engineering,K. H. Grote, E. K. Autosson, Springer,
New York, 2009, 110

2Engineering Materials, 3" Edition, M. A. Ashby and D. R. H Jones, Butterworth
Heinemann, Oxford UK, 2005, 121

%College Physics, 9" Edition, R. A. Serway, J. S. Aughn, C. Vuille, Brooks/Cole, 2009,
437

* General Chemistry, 3" Edition, D.D. Ebbing, S. D. Gammon, Houghton Mufflin
Company,Boston USA, 2002, 1185

>D.K. Gilding, A. M. Reed, Polymer, 1979, 20, 1459

® Advances in Biochemical Engineering/ Biotechnology 102,K. Lee, D. Kaplan, C. Chan,
Springer, 2006, 63

" Biomaterials Science, 1% Edition, B. D. Ratner, A. S. Hoffman, F. J. Shoen, J. E.
Lemons, Academic Press, 1996, 50

8 A Manual for Biomaterials/Scaffold Fabrication Technology, G. Khang, M.S. Kim, H.B.
Lee, World Scientific Publishing Company, 2007, ISBN: 9812705953

%Organic Chemistry,llth Edition, H. Hart, L. E. Craine, D. J. Hart, Houghton Mifflin
Company, 2003, 481

101 . S. Nair, C. T. Laurencin, Prog. Pol. Sci., 2007, 32, 762
- A. Talal, PhD Thesis, University of Glasgow 2010

12.p U. Rokkanen, O. Bostman, E. Hurrensale, E. A Makela, E. K. Portio, H. Paticula, S.
Vainiopaa, K. Vihtonen, P. Tormaila, Biomater., 2000, 21, 2607



208

13-/, Lassalle, M. L. Ferreira, Macromol. Biosci., 2007, 17, 767

“D. Garlotta, J. Polym. Environ., 2001, 9, 63

1>K. Boua-In, N. Chaiyut, B. Ksapabutr, Optoelectron. Ad. Mat., 2010, 4, 1404

1B, Gupta, N. Revagade, J. Hilborn, Prog. Pol. Sci., 2007, 32, 455

7-J. Huang, M. S. Lisowki, J. Runt, E. S. Hall, R. T. Kean, N. Buchter, Macromolecules,
1998, 31, 2593

183, A. Cicero, J. R. Dorgan, J. Polym. Environ., 2001, 9, 1

¥ R. A. Miller, J. M. Brady, D. E. Cutright, J Biomed. Mater. Res., 1977, 11, 711

20T Nakamura, S. Hitomi, S. Watanabe, J Biomed. Mater. Res., 1989, 23, 1115

2L g Li, J Biomed. Mater. Res., 1999, 48, 342

22.B. C. Benicewicz, P. K. Hopper, J. Bioact. Compat. Pol., 1990, 5, 453

28-S, Vainionpaa, P. Rokkanen, P. Tormala, Prog. Pol. Sci.,, 1989, 14, 616

% R. K. Kulkarni, E. G. Moore, A. F. Hegyeli, F. Leonard, J Biomed. Mater. Res., 1971, 5,
169

25T, Kokubo, H. Takadama, Biomater., 2006, 27, 2907

26T Kokubo, Biomater., 1991, 12, 155

2T Kokubo, M. Kushiyani, Y. Ebisawa, T. Kitsugi, S. Kotani, K. Oura. H. Aaki, K.

Sawai, Bioceramics., 1988, 1, 157



209
28 M. Neo, S. Kotani, T. Nakamura, C. Ohtsuki, T. Kokubo, J Biomed. Mater. Res., 1992,
26, 1419
®R.Z Legeros, S. Lin, R. Rohanizadeh, D. Mijares, J. P. Legeros, J Mater. Sci.-Mat.
Med., 2003, 14, 201

%1, Rehman, R. Smith, L. L. Hench, W. Bonfield, J. Biomed. Mater. Res., 1995, 29, 1287

3L M. Ball, D. M. Grant, W. J. Lo, C. A. Scotchford, J Biomed. Mat. Res. Part A, 2008,
86A, 637

2poly (lactic acid): Synthesis, Structures, Properties, Processing and Applications, R. A.
Auras, L-T. Lim, S. E. M. Selke, H. Tsuji., Wiley, 2010, 343

%1, Grizzi, H. Garrew, S. Li, M.Vert, Biomater., 1995, 16, 305
%4, Suwanprateeb, K. E. Tanner, S. Turner, W. Bonfield, J Mater. Sci., 1997, 8, 469
%% p. Ducheyne, S. Radin, L. King, J Biomed. Mat. Res., 1993, 27, 25

% Handbook of Engineering Biopolymers: Homopolymers, Blends & Composites, S.
Fakirov, D. Bhattachoryya, Hanser, 2007, 132

37-S. D. McCullen, Y. Zhu, S. H. Bernacki, R.J Narayan, B. Pourdeyhimi, R. E. Corga, E.
G. Loboa, Biomed. Mater., 2009, 4, 9

%8-W. Bonfield, J Biomed. Eng., 1988, 10, 522

%-0. P. Filho, G. P. LaTorre, L. L. Hench, J Biomed. Mater. Res., 1996, 30, 509



210

6. Bioactivity of Composites

6.1 Introduction

6.1.1 Osteogenic Differentiation

Human mesenchymal stem cells (hMSC) are multipotent stem cells of the bone marrow
which are able to differentiate along the osteogenic lineage.! The expression of genes and
proteins during osteogenic differentiation from stem cells has been extensively studied to
further understand the relationship between bone growth and differentiation. An
appreciation of the time points of different genes and proteins allows for the establishment

of differentiation activity occurring on the surfaces of materials.

In 1993 early work by Stein et al stated that osteogenic differentiation is coupled with a
decrease in cell proliferation. This decrease causes an increase in extracellular matrix
proteins such as type | collagen (COL) and fibronectin (FN). Osteopontin (OPN) and
osteocalcin (OCN) proteins are observed in the last stage of osteogenic differentiation,
mineralisation (Figure 6.1). In addition, OPN is also expressed during the period of active

proliferation.
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Figure 6.1 Osteogenic differentiation. Differentiation occurs in three stages, the first stage
being proliferation. A decrease in proliferation coincides with an increase in markers
associated with the extracellular matrix. The last stage, mineralization of the extracellular
matrix (ECM), sees an increase in osteogenic markers osteopontin and osteocalcin. (Image
adapted from(Stein and Lian 1993))®
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More recently, Runx2, a key transcriptional factor (sometimes called the osteogenic master
gene) is involved in the signalling and control of osteoblast differentiation through
regulation of bone-related genes. It has been shown to induce osteoblast differentiation at

the early stage of the differentiation process, and inhibit it at the late stage.’

6.1.2 Focal adhesions and cell cytoskeletons

Stimulating bone tissue formation e.g. osteogenesis starts at the adhesion level.Osteogenic
activity of biomaterials requires an increase in the attachment and spreading of osteoblasts
to the material surface. Links between the cells and surfaces of biomaterials are initially
formed by attachments called focal adhesions, which are critical to cellular responses to
biomaterials.” Focal adhesions are found around the periphery of a cell, and are commonly
between 2-5 pm in length.”

The second stage after focal adhesion formation is the development and organisation of the
cell cytoskeleton. This refers to the internal framework of a cell, composed largely of actin
(microfilaments) and tubulin (microtubules) and also including intermediate filaments
(vimentin for mesenchymal-origin cells).® Actin is a 43 kDa protein, the most abundant
protein to be found in typical eukaryotic cells. Microfilaments simply refer to linear
assemblages of this structural protein. Microtubules are assemblages of the 110 kDa
tubulin dimer protein. In addition to providing structural stability, the cytoskeleton is
responsible for cell movements, which includes the internal transport of organelles through
the cytoplasm, as well as overall movement of the cell.” If cells react favourably to a
biomaterial’s surface, focal adhesions are formed which support polymerisation and
contractionof mature actin stress fibres and tubulin networks for vesicle movement. The

cells spread rapidly across the material surface and become metabolically active.

All three features (focal adhesions, tubulin and actin formation) are of great importance for
cellular activity because integrin proteins (transmembrane proteins capable of binding
proteins of the ECM) located within both the actin cytoskeleton and adhesion plaques are
involved in signal transduction and other key stem cell functions, which can affect cell
differentiation.® For this reason, it is important in this research to study the extent of focal

adhesions and cytoskeletal activity (cell spreading) on the surfaces of the film samples.
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Cytoskeletal networks are thought to maintain a constant, basal level of tension, mainly
through actin/myosin interactions causing contraction. Any disruptions in the surrounding
environment of the cytoskeleton will consequently affect the overall cytoskeletal tension,
initiating cellular deformation. ° The manipulation of cytoskeletal tension has been proven
to influence stem cell differentiation, with higher levels of cytoskeletal tension inducing
osteogenic differentiation and osteogenesis, whilst lower tensions favoured adipogenic
differentiation.’

Research conducted by Biggs et al studied the differences in focal adhesions and cellular
spreading in human osteoblast cells (HOBs) in relation to materials with different surface
features (the subject of altering surface properties to influence bioactivity will be discussed
further in section 6.1.3).™ Significant differences were noted for cells seeded onto planar
substrates, and substrates which possessed a nanopit surface array. HOB’s on planar
control substrates were observed to spread rapidly and formed numerous adhesions to the
substrate surface. Nanopit arrays, conversely, disrupted cellular spreading and adhesion
formation in HOB’s (Figure 6.2).

36 Hours 36 Hours

Figure 6.2 YFP-vinculin analysis of the dynamics of adhesion formation in HOB’s on (a)
planar and (b) nanopit arrayed substrates. Focal Adhesions are observed on the planar
substrate, and the mechanism of cellular spreading is also observed. The onset of cell
spreading was reduced in the nanopit arrayed substrates, with focal complexes formed at

the periphery.

As cells establish dynamic contacts with the underlying substrates through focal adhesions,
integrin proteins found within both these adhesions and the cytoskeleton of the cell are
responsible for activating signalling pathways that direct cell growth and differentiation, it

is conceivable that the more ‘links’ a material can form with the cell population, the higher



213

level of ‘biological activity’ it will possess. This increases the potential of the biomaterials

to attain clinical success as an implant material.

6.1.3 Topography

Altering the surface topography of a material is known to be important in the cell-material
interaction, allowing cell adhesion and migration, amongst other cellular functions.*?*3
Cell-substrate interactions define a biomaterials performance, and determine the long-term
viability of the device. The manipulation of integrin protein binding through topography
holds great interest due to the regulatory role the proteins play in key stem cell functions.
Nano scale topography (nanotopography) is increasingly used to infer bioactivity because
the features it creates are relative to the size of integrins (approximately 10 nm).> The
number of focal adhesions between a cell-material interface, and the maturity of the
cytoskeleton, are thereby thought to be affected by nanotopography. It was proven that
disordered (controlled levels of disorder) surfaces promoted the formation of larger focal
adhesions and osteogenic differentiation of mesenchymal stem cells (MSCs), whilst

ordered (or totally random) surfaces did not.**

For HA composites, the influence of topography has been investigated for both focal
adhesion and cytoskeletal behaviour.™ Two different HAPEX® surfaces were used for the
study; one of which was attained through polishing (to expose HA) and roughening
(sonication with alumina to give a topography), whilst the other surface was simply as-
machined. The treated surface shows a good dispersion of HA on the surface, whilst the as-
machined sample shows very little HA on the surface. Results indicate that the optimised
surface establishes contacts and cytoskeletal maturity before the machined sample, again
indicating that the bioactivity of a sample can be improved through the manipulation of a
material surface using topography. Further study into osteogenesis indeed confirmed

increased bone formation on the optimised surface.

These studies demonstrate something of greatpotential importance to this thesis: the
polymer can form a thin film over the bioactive mineral that can be detrimental to cell
performance. Thus, whilst study of topography per se is out of remit, the surface was
considered. To this effect, each film was plasma etched after production, and before
seeding any cell populations on the sample surfaces. Plasma etching is a constituent of

plasma processing, which is a technology aimed at altering the physical and chemical
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properties of a surface through plasma-based material processing. Etching involves
removing material from the surface by bombarding it with a high energy source of atoms, a
percentage of which can be in the form of either ions or radicals.'” These volatile particles
can form chemical reactions with the material surface being etched, thereby removing
unwanted layers, or simply sputter material off the surface.’® Plasma etching, and its
subsequent alteration of surface properties, has been proven to affect the cell growth and
morphology of human fibroblast cells.**The aim of plasma etching in this research is to
remove the surface layer of PLA from the composite films, thereby exposing the filler
materials at the surface, wherein easier contact with osteoblast cells can be established.
This is, in turn, hoped to increase the biological viability of the samples, if the cells are
able to attach and spread across the material surfaces to a greater extent.

6.2 Experimental

6.2.1 Plasma etching

Plasma etching of the composite films was achieved using a Harrick Plasma Cleaner,
model PDC-001/002(115/230V), as shown in Figure 6.3. 1cm? samples of all films were
secured inside the cleaner, and the chamber was closed and secured. Once a sufficient
vacuum had been reached, the radiofrequency was switched on for 5 seconds after

activation, and the samples thereafter removed.

PLASMA CLEANER

HARRICK
PLASMA

Figure 6.3 Harrick plasma cleaner
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6.2.2 Cell culture

Human bone marrow osteoprogenitors were obtained from haematologically normal
patients undergoing routine surgery, using only tissue which would have been discarded
afterwards. Cells were grafted by Carol-Anne Smith after initial ficol gradient and plating

of the cells in tissue culture flasks.

Passage 1 osteoprogenitor cells were grown in 75 cm? tissue culture flasks, at 37°C with
5% CO,, in 20ml of DMEM media (Dulbecco’s modified eagles medium with 10 % foetal
bovine serum (FBS)). Fresh media was added every 3 days, until 80-90% confluency was
obtained. Flasks were rinsed with HEPES saline before trypsinization by adding 5 ml of
trypsin/versene solution (20ml versene in 0.5 ml trypsin) and incubating at 37°C for 5
minutes to let cells detach. DMEM media was thereafter added (5ml) to deactivate the
trypsin, and centrifugation at 1,400 rpm for 5 minutes collected the cell suspensions. The
suspensions were resuspended in 1 ml of media solution and counted using a cell

haemocytometer, before seeding cells onto the surfaces of the composite films.

6.2.3 Immunofluorescence

Similar procedures were employed to view cells on materials for fluorescent microscopy
studies, differing only in the various antibodies used. Cells were seeded onto the film
surfaces at 1 x 10° cells / ml and cultured for 7, 10, 21 and 28 days in DMEM media at 37
°C with 5% CO,, with the media changed twice weekly. At each time point the cells were
fixed in 4 % formaldehyde for 15 minutes, and thereafter permeabilised in permeabilising
buffer for 5 minutes. To make a solution of permeabilising buffer, the following chemicals

were required into 100 ml of phosphate-buffered saline:

- 10.3 g sucrose
-0.292 g NaCl

- 0.06 g MgCl,
-0.476 g HEPES

The pH of the solution was thereafter adjusted to 7 and 0.5 ml of Triton X added to
complete the solution. The buffer was removed and the cells blocked for non-specific
antibody using a 1 % BSA/PBS solution for 5 minutes, and samples were then stained for
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osteogenic markers using mouse-monoclonal OPN antibody (1:50) (Santa Cruz
Biotechnology), mouse-monoclonal B3-tubulin (1:50) (Santa Cruz Biotechnology)and
rhodamine-phalloidin (to stain actin) (1:50) (Sigma) for 1 hour at 37 °C. The stain was
removed and the cells washed gently in PBS/0.5% Tween (detergent) 3 times. An anti-
mouse secondary biotinylated (1:50) antibody (Sigma) was then added and incubated for 1
hour at 37 °C. Samples were again washed three times to remove the secondary antibody
with the Tween solution. A tertiary FITC-labelled streptavidin probe (1:50) (Sigma) was
added and incubated at 4 °C for 30 minutes. The tertiary probe was washed away using the
Tween solution again, and mounted in a fluorescent mountant that contains the fluorescent
DNA stain DAPI (to stain cell nuclei). This process was repeated at 10 and 21 day time

points.

6.2.4 RNA isolation

After cells were seeded and cultured to the appropriate time points, they were lysed and
RNA extracted using a Qiagen RNeasy Micro Kit, in accordance with the manufacturers’

protocols (Qiagen, West Sussex, UK).

Initially, the cell suspension was homogenised by vortexing and passing the lysate solution
through a 20-gauge syringe needle. 70 % ethanol was added to the homogenised lysate,
mixed, and centrifuged at 8,000 g for 15 seconds. To denature proteins, buffer RW1
(containing guanidine thiocyanate) was added to the spin column (350ml). The spin
column was centrifuged again at 8,000 g for 15 seconds. A solution of DNase | and the
spin column was centrifuged for 15 seconds at 8,000 g. After washing, all filtrate was
discarded and washings with buffer RPE and ethanol, consecutively, were conducted to
precipitate the RNA. To remove any remaining ethanol, the filter was centrifuged at full
speed for 2 minutes. The filter was redispersed in a 1 ml Eppendorf tube with 14 pl of
RNase-free water. Both the tube and filter were centrifuged at full speed for 1 minute and
the yields of RNA extracted were measured with a NanoDrop® ND-1000 UV-Vid
Spectrophotometer at ratios of 230/260 nm and 260/280 nm.
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6.2.5 cDNA synthesis

To convert the obtained RNA into the corresponding DNA, the RNA was reverse
transcribed using the Qiagen QuantiTect® Reverse Transcription Kit (Qiagen, West
Sussex, UK).

Initially, a 10 pl solution of RNA was prepared, containing equal concentrations of RNA,
and the volume made up with RNase-free water. The solutions were incubated at 42 °C for
2 minutes, and then placed immediately on ice. A reverse transcription factor master mix

was prepared, in order to synthesise first strand cDNA, to a volume of 20 pl:

Quantiscript Reverse Transcriptase 1 pl

Quantiscript RT Buffer, 5% 4 ul
RT Primer Mix 1l
Template RNA 14 ul

The master Mix and RNA samples were added together and chilled on ice whilst the

thermal cycler programme was set. The following programme was used to run the thermal

cycler:
25°C 10 min
37°C 120 min
85°C 5 min
4°C hold

6.2.6 Quantitative real time PCR

Osteoprogenitor cells were cultured on the composite films for 7 and 10 day time points (3
replicas for each material). As described in section 6.2.4, the cells where thereafter lysed
and RNA extracted using a Qiagen RNeasy micro kit (Qiagen, UK). Following this, RNA
samples were reverse transcribed using Qiagen QuantiTect® Reverse Transcription Kit
(Qiagen, UK).

To conduct real-time gPCR analysis, the 7500 Real Time PCR system from Applied

Biosystems was used. The housekeeping gene used was B-actin, with expression of genes
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normalised to B-actin expression. Using the SYBR green method of analysis, 18 ul of

mastermix was added to each well, together with 2 pl of each cDNA sample:

Quantifast SYBR Green PCR Kit 10 pl

Forward primer (100 puM) 0.3 ul
Reverse primer (100 uM) 0.3 ul
RNase free water 7.4

The comparative cycle-threshold method®® was used for quantification of OPN gene
expression, and the relative transcript levels expressed as + s.d. for plotting as graphs.

Significance was calculated using paired t-test.

6.3 Results

6.3.1 Plasma etching

As discussed in section 6.1.3, evidence has proven that altering the topography of surfaces
influences cellular activities including cell attachment and proliferation. To this effect,
each composite film was plasma etched for two reasons; firstly, to remove any surface
impurities or particles from the materials, and secondly, to remove the top cover layer of
polymer film from the surface, exposing the filler materials to the cells directly. It is
hypothesised that allowing the cells more direct access (i.e. not relying on biodegradation)
to the filler materials could increase bioactivity levels.

Preliminary experiments on the duration of plasma treatment of the samples had to be
performed. Three experiments were conducted, with treatment times of 0, 5 and 25 seconds
and the resultant surfaces were examined using atomic force microscopy (AFM). The
results shown are from experiments using the casein/PLA nanocluster materials. These
were used as a model material while the nanoscale B-TCP composites were being
developed. Using a protein also confers advantage as antibodies could be used to probe

exposure.
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6.3.1.1 Zero seconds

Figure 6.4 shows the AFM results attained from the control sample with no plasma
treatment. The surface looks very polymeric, suggesting the smear which is to be expected
from a sample with no etching i.e. there are no nanoclusters present on the surface. Results
from roughness analysis confirm that there are no casein nanoclusters on the surface; the

control is smooth with a mean roughness (Ra) of 12.5 nm over the 40 um scan.

Digital Instruments NanoScope

Scan size 40.00 pm
Scan rate 1.001 Hz
Number of samples 512
Image Data Height
Data scale 500.0 nm

view angle

~ light angle
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Figure 6.4 AFM image of casein/PLA composite surface with no etching (40 ym scan)
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Figure 6.5 AFM roughness analysis of casein/PLA composite films after no etching
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6.3.1.2 Five seconds

The landscape of samples etched for 5 seconds is very different from the control. It would
appear that the large ‘cliffs’ (shown as the whiter regions in Figure 6.6) are clusters of
clusters of the casein material and that the AFM etch has preferentially removed the softer
polymer. Whilst the control samples possessed a mean roughness of 12.5 nm, a rougher
terrain with larger peaks on the surface is noted for the five second samples, which have, in
direct contrast, a mean roughness of 118.6 nm (Figure 6.7). Just below the bottom cliff in
Figure 6.6 are some speckles, which were zoomed in on Figure 6.8. These potentially show

individual clusters at around the expected 40 um in size.

Digital Instruments NanoScope
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Figure 6.6 AFM image of casein/PLA composite surface after 5 seconds etching (40 um

scan)
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Figure 6.7 AFM roughness analysis of casein/PLA composite films after 5 seconds etching
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Figure 6.8 AFM image of cas/PLA composite surface after 5 seconds etching (3.8 ym scan)

6.3.1.3 Thirty seconds

The AFM image from the casein/PLA film etched for thirty seconds is shown in Figure

6.9. The sample is very flat and smeared in appearance; this could be the result of too long

an exposure to the plasma and subsequent melting of the polymer. Roughness analysis of

the same sample (Figure 6.10) also indicates a flattened surface, with no clusters present on

the surface and a mean roughness of just 7.3 nm.
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Figure 6.9 AFM image of casein/PLA composite surface after 30 seconds etching (40 ym

scan)
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Figure 6.10 AFM roughness analysis of casein/PLA composite films after 30 seconds

etching

6.3.2 Fluorescent Microscopy

Antibody labelling and fluorescent microscopy studies were conducted to confirm AFM
results and to ascertain whether the protein could survive the film fabrication and etching
without major structural damage or denaturation. Figure 6.11 (a-b) indicate fluorescence
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results of the casein films with no etching; it is clear that the sample is largely void of any
fluorescence, indicating that no casein is present on the surface. Samples etched for five
seconds, conversely, show a high level of fluorescence when viewed under microscope
(Figure 6.11 (c-d)). Increasing etching duration to 30 seconds (Figure 6.11 (e-f)) generates
images similar to those seen for the control sample, as again very little active fluorescence

is noted.

)

)

f)

Figure 6.11 Fluorescent microscopy images for casein/PLA composite films etched for (a-b)

zero seconds, (c-d) five seconds, and (e-f) thirty seconds
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6.3.3 Immunofluorescence studies

Due to results obtained from section 6.3.2, all further samples tested were etched for five
seconds before cell culture. Figure 6.12 shows actin/vinculin staining for focal adhesions in
the film samples after 10 days. Whilst the PLA film (6.12 (a)) showed several adhesions,
greater attachment is observed in the B-TCP and MgTCP images (6.12 (b) and (c),
respectively). Focal adhesions, highlighted as white dots, are visible around the periphery
of the cells and at the end of actin bundles. Casein composites (6.12 (d)) show weak
anchoring to the material surface, with no mature focal adhesions visible. Stress fibres
from actin organisation are prominently observed in the 3-TCP and MgTCP images (6.12
(b) and (c), respectively). Although actin organisation is also present in the PLA sample
cells, it appears to be at a lesser extent, whilst the casein sample shows weaker actin

organisation again (6.12 (a) and (d), respectively).

Figure 6.12 Vinculin and actin staining for focal adhesions and cytoskeleton on (a) PLA, (b)
TCP, (c) Mg-TCP and (d) casein composite samples. Adhesions are observed as white dots
around the periphery of the cells. Weaker attachment is noted for both the PLA (a) and
casein (d) films, whilst mature focal adhesions are shown for both the TCP (b) and Mg-TCP
(d) samples. Scale = 50 ym. Similarly, higher levels of actin organisation and stress fibres

are observed on the surfaces of theTCP (b) and Mg-TCP (c) samples.
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Actin and tubulin staining provide information on the structure and organisation of the cell
cytoskeleton. An increased level of organisation of the microtubule network is seen for
both the TCP and Mg-TCP composite film samples (Figure 6.13 (b) and (c), respectively),
whilst only weak staining of tubulin is noted for both the PLA and Casein samples (Figure
6.13 (a) and (d), respectively). Similarly, actin shows good organisation in both TCP

samples, and is least organised in the PLA and casein films.

Figure 6.13 Tubulin and actin staining for cytoskeleton on (a) PLA, (b) TCP, (c) Mg-TCP and
(d) casein composite samples. Tubulin = green, actin =red, nuclei = blue. Well organised
and substantial microtubule networks (green) are observed for both the TCP (b) and MgTCP
(b) samples. Good organisation of actin is also noted for the two TCP samples (red).
Microtubule networks are limited in both the control PLA sample (a) and the casein

composite (d), with lower levels of actin organisation also presented. Scale = 50um.

Both the B-TCP and MgTCP composite film samples, which each showed high levels of
actin and tubulin organisation within the cell cytoskeleton, also stained positively for OPN
expression (Figure 6.14 (b) and (c), respectively), indicating the production of the
glycoprotein, which is required for bone formation. PLA and casein samples, conversely,

showed no staining for OPN on the material surface. (Figure 6.14 (a) and (d), respectively)
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Figure 6.14 Osteopontin staining on (a) PLA, (b) TCP, (c) Mg-TCP and (d) casein composite
samples. Green = OPN, red = actin, blue = nuclei. Both the TCP (c) and MgTCP (d) samples
stain positively for osteopontin, showing distinct areas of high expression on the sample
surfaces. PLA (a) and casein (d) samples indicate negligible expression for OPN. Scale =
100 pm.

6.3.4 real-time Polymerase Chain Reaction (PCR)

Verification of previous immunofluorescence results, which indicate that both B-TCP
composite films facilitate the highest levels of cellular activity, was carried out at a
transcriptional level through PCR studies. Runx 2 expression levels were studied for each
of the four films at 7 and 10 day time points, and Figure 6.15 displays results. An up-
regulation in Runx-2 expression is observed for the Mg-TCP film sample at 7 days, with an
expression level of 1.24, compared to the PLA control expression of 1. No distinct changes

in expression levels are noted for the B-TCP or casein films at 7 days.

Across all three composite films at the 10 day time-point, nothing has changed

significantly from the control.



227

16 7 DAY EXPRESSION 10 DAY EXPRESSION

147

Expression levels for RUNX2 expression

Mg Cas. TCP Mg Cas.
TCP TCP

Composite film

____________ >~ PLAcontrol
expression

Figure 6.15 Expression levels for the Runx-2 gene at 7 and 10 day time points, for the
polymer and three composite films. Expression levels are highest overall for the MgTCP
composite material at 7 days; after which a down-regulation is observed for each composite
at the 10 day time point. Results = mean £ s. d. * = p<0.05, paired samples t-test.

6.4 Discussion

Biomaterials are believed to change and influence cellular responses initially at the cell-
biomaterial interface, wherein protein interactions and focal adhesions are affected.?
Studies have indicated that surface treatments can have strong influences on cellular
activity and differentiation, as discussed in section 6.1.3. Results in this chapter were
studied both qualitatively and quantitatively, through immunofluorescence studies and q-

PCR analysis, respectively.

A novel etching process was developed to remove the top layer of the polymer film and
expose the filler materials to the surface, creating a nanoscale texture. Samples without
etching (zero seconds) showed no clusters present at the surface, which was expected. At
the opposite end of the spectrum, samples etched for thirty seconds also showed a flat and
polymeric surface; it is believed that the film was exposed to the plasma for too long and
the polymer has melted. Results indicate that five second etching provided enough time to
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remove the top layer of polymer without melting or damaging the surface topography.
After this stage, all film samples were thereafter plasma treated before any bioactivity
testing, as previous research demonstrates that cellular activity is higher on surfaces with a

rough, rather than smooth, topography.**

Fluorescent microscopy studies were conducted on the casein composite films to determine
whether the nanoclusters would be available to the cellsafter compositing and etching.
Drawing on the ability of an antibody to bind only to a specific antigen through a highly
selective ‘lock and key mechanism’, a casein antibody was used to determine whether it
would recognise the casein binding site in the composite. If an attachment was made
through the antibody-antigen bonding mechanism, the fluorescent molecule attached to the
antibody would be visible under microscope, indicating that using the casein nanoclusters
were presented on the material surface. Fluorescence results mimicked those attained from
AFM analysis of the films: without etching (zero seconds), the casein antigen molecules
were not exposed to the antibodies at the material surface, and melting of the polymer at
thirty seconds meant that the casein molecules were again shielded from interacting with
the antibody molecules. Only samples etched for five seconds showed high levels of
fluorescence, which indicates that the casein antigens were not only present at the material
surface, but had not undergone denaturation during the synthesis and etching processes.
This indicates that proteacious nanoparticles could be considered for use in the future.

Immunofluorescence studies focused on the focal adhesions, microtubules and actin
filaments formed during the cell cultures. Although the casein molecules appeared to
survive the compositing process, images showed poor cellular growth and activity on the
material surface, with few mature focal adhesions and poor actin and microtubule growth.
This too was the case for the PLA control film; limited organisation of actin and
microtubules were noted. Both the unsubstituted and Mg-substituted B-TCP samples,
however, initially showed good attachment to the material surface through numerous focal
adhesions around the periphery of the cells. Well organised actin and microtubule
networks were observed for both B-TCP composite films. As actin is involved in cell
movement and contraction, and is linked to cell signalling, the high levels present in the
two films suggest that the cell is actively signalling to trigger differentiation. With
microtubules responsible for protein processing, the highly organised construction of the
microtubule networks in cells seeded onto these two composites is indicative of high levels

of proteins being pumped into and out of the cell i.e. they are metabolically active. The
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combination of high levels of actin and tubulin, from cells on the B-TCP films, provides a

well organised cell cytoskeleton, and subsequently an active cell.

An active cell with a good cytoskeleton leads to cytoskeletal tension. The rational next step
in cellular activity, upon reaching cytoskeletal tension, should be osteogenesis.?> OPN
staining provided another indication that the B-TCP composite films may induce the
highest levels of cellular activity; only in these two images can positive staining for the
osteogenic protein be observed. Immunofluorescence studies therefore show that the
highest levels of cellular activity are observed from cells seeded onto the surfaces of the -

TCP composite films.

To quantify results at a transcriptional level, g-PCR analysis was performed on cells
cultured on the films at 7 and 10 day time points. Of all four films, Mg-TCP composites
showed the highest levels of Runx2 expression, noted at the 7 day time point. This result
correlated with those previously seen from cellular imaging on the material surface. It is
curious that the unsubstituted 3-TCP sample did not also demonstrate an up-regulation of
gene expression, when considered that the immunofluorescence results were similar. At
this early stage of research, it is our theory that the capricious nature of the osteoblast cells,
alongside the rapidly changing Runx2 expression levels during the differentiation process,
have attributed to this unexpected result. Although further testing must be carried out to
verify these initial results, it is believed that the substituted Mg-TCP composite film

induced the highest levels of biological activity.

6.6 Conclusions

Promising bioactivity results indicate that the plasma etching process and synthesised
calcium phosphate materials, combined in the polymer composite, may constitute the early
stages in the development of a novel bioscaffold material. Further studies at the
transcriptional level would allow for confirmation of osteogenesis, after which research
could focus on comparing bioactivity results against a range of composites with different
filler materials, including those with multiple substitutions of different cations and anions,

and those fillers with different morphologies.
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7. Conclusions and Future work

7.1 Conclusions

This thesis documents the synthesis, characterisation and analysis of calcium phosphate
polymer composite biomaterials. Both conventional and novel methods were employed to
synthesise B-TCP and magnesium substituted B-TCP (Mg-TCP). XRD and SEM studies
were primarily employed for the structural and morphological characterisation of the
calcium phosphate filler materials, respectively. Degradation studies and tensile testing
constituted the main aspects of mechanical testing. Immunofluorescence studies and real-

time PCR testing assessed the in vitro biological activity of the composites.

A primary focus of the research presented in this thesis was the synthesis and
Characterisation of B-TCP. Conventional wet-chemical and novel methods using
microwaves were employed to synthesise the material. The microwave and two aqueous
precipitation methods were studied in depth to optimise the syntheses and attempt to obtain
single phase B-TCP. However, PXD data showed that only one of the three methods, an
aqueous precipitation reaction using Ca(NOs), and NH4H,PO, starting materials, could
produce B-TCP as the final sole product. PXD vyielded lattice parameters of a = 10.4469 (2)
and ¢ = 37.4047 (7), which is in good agreement with the literature.! When the microwave
and second aqueous precipitation method was employed, it was evident from results that
deviating from a Ca: P ratio of 1.5 resulted in the formation of unwanted by-products. Each
method required a high temperature calcination stage (minimum 700 °C) to convert
intermediate phases to B-TCP. A degree of morphological control was obtained over the
samples through the incorporation of the cationic organic surfactant cetyltrimethyl
ammonium bromide (CTAB, (CisH3s3)N(CH3)3Br)). Increasing or decreasing CTAB
concentration influenced surface area and pore size. The substitution of CTAB for other
organic surfactants with different end groups and carbon chain lengths also changed the
morphological features of the samples. Although two of the synthetic methods produced an
end product containing unwanted additional phases, the analysis and optimisation of each
experimental procedure has provided information on the importance of specific
experimental parameters. It is believed that a more stringent, careful control over the pH of
the reaction solutions could allow the two techniques to be advanced into producing single
phase B-TCP in the future.
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Cationic substitution of the B-TCP structure with magnesium produced a range of Mg-
substituted B-TCP samples (Mg-TCP). Magnesium was specifically chosen as the primary
cationic substitute because it has been proven to stimulate osteoblast differentiation, which
could therefore assist in the overall bioactivity of the composite materials. *Initial PXD
patterns of the substituted samples showed peak shifts in relation to the unsubstituted p-
TCP material. This provided an early indication that Mg had substituted into the crystal
structure. Reductions in lattice parameters (due to the smaller ionic radii of Mg) also
confirmed that substitution had occurred, and a further investigation into the level and
method of substitution was carried out using Rietveld refinements. A range of refined
dopant levels between 5.45 and 8.81 mol% were confirmed. Increasing the Mg ion
concentration to 36.3 mol% produced a material which could not be refined due to the
presence of too many by-products. Caz(PO,4), and Mgs(PO,4), have completely different
crystal structures, so it is conceivable that the addition of high levels of Mg into the
reaction system could not simply be incorporated into the previous crystal structure to
produce 100% cationic substitution within the same unit cell. Mg preferentially substituted
onto one of five of the Ca sites in the crystal structure: Ca (5). High levels of substitution
observed at this site are attributed to its low coordination number. Evidence for substitution
at the Ca (5) site is attained from the Ca (5)-O bond lengths, which shorten as the % of Mg
added is increased. At high mol% levels of substitution, evidence from bond lengths
suggests that the Ca (4) site could additionally be occupied by low levels of Mg present on

the site. This is in agreement with the literature. >

Both unsubstituted and Mg-substituted B-TCP samples were processed into polymer
composite films, alongside casein composites and PLA-only control films. A higher wt%
of filler materials (60 wt%) yielded a rougher surface morphology than those films with
only 40 wt% of filler. Degradative studies showed that each of the higher wt % composites
showed substantially higher mass losses than their equivalents at 40 wt%. This is largely
attributable to the dissolution of more filler particles into the surrounding solution. The
morphology of the B-TCP samples, i.e. agglomerated, fused spheres, hindered the
mechanical properties of the composite films. Tensile strengths for the B-TCP composite
films were greatly reduced in relation to the PLA control. The cause of this is believed to
centre on the fact that the PLA could not distribute throughout the entire filler material
when the composite was being produced. Incomplete distribution of the polymer around
the filler molecules means that particle to particle contact occurs, and research shows that

the strength of the composite is compromised under this condition. # Increasing filler wt%
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only served to heighten the degree of particle to particle contact and caused interface
failure, thereby worsening the mechanical properties.An assessment of the bioactivity of
the composite films was carried out using simulated body fluid (SBF).Formation of an
apatite layer on both of the 40 and 60 wt% PLA-BTCP composite materials was observed.

Apatite layers were absent from all other sample surfaces.

Research has shown cells to adhere and spread better on surfaces with a rough surface, as
opposed to those with smoother surfaces. ®> To enhance the biological activity of the
composite films in vitro, a novel etching process was developed to give the films a
‘roughened’ surface morphology, with filler materials available to the cells at the surface
of the films. Fluorescent microscopy studies using antibodies indicated that the casein
protein present in the equivalent composite film was able to survive the compositing
process without suffering denaturation. However, subsequent immunofluorescence studies
showed poor adhesion and cytoskeletal organisation on the casein film surfaces. q-PCR
analysis likewise showed no up-regulation for Runx2 expression. These results imply that
the casein composites are not bioactive. The B-TCP and Mg-TCP composite films,
conversely, showed strong indicators of bioactivity. Cells present on the surfaces of these
films showed strong adherence and cellular spreading, with good organisation of actin and
tubule fibres. Osteopontin expression was observed on both surfaces, and g-PCR analysis
showed a significant up-regulation of Runx2. A combination of immunofluorescent results
and Runx2 expression demonstrate that the Mg-TCP composite films show the highest

levels of bioactivity of all the composite films.

7.2 Future work

An expansion of the optimisation results attained from each of the three synthetic methods
is required to further assess the influence of experimental parameters on product formation.
Introducing surfactants with more distinct structural features into the reaction system could
potentially result in materials with a range of different morphological features, for example
the incorporation of branched chain organic surfactants, as opposed to the previously used
straight chain molecules. It has been hypothesised in this thesis that CTAB distributes
within the reaction system via a process of molecular recognition, as a result of its cationic
end group. ® However, to test this theory, anionic and neutral surfactants could be used to

ascertain whether they exhibit the same levels of dispersal as their cationic equivalent.
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Morphological control has only been achieved in this research through the use of synthetic
organic surfactant molecules, but the idea of using natural products which also act in a
templating capacity is thought to have significant potential and clinical relevance in the
synthesis of a biomaterial. An example of such an avenue of exploration could focus on the

use of amino acids to control crystal growth of the material.

Synchrotron XRD data could potentially provide higher quality diffraction data for
substituted samples, allowing for a more thorough investigation of substitution at both low
levels and higher % doping. Substitution of different cations into the structure would be an
obvious next step, to investigate whether the same mechanism of substitution applies as is
the case of Mg, or whether different cations incorporate into the crystal structure via a
different mechanism to different sites. Research has shown ions with a larger ionic radius
than Ca’* (e.g. Si*") substitute preferentially onto different cation sites than those observed
in this research for Mg?*, and show expansion of the unit cell parameters and cell volume.
Effects on the biological activity and mechanical properties of composite films containing
these samples could also be investigated. Once different substituted materials are
developed, the next stage would be the substitution of multiple cations within the crystal

structure, to create a material with the analogous element composition of bone.

To improve on the mechanical properties of the composite films, a method of producing -
TCP materials with no agglomeration must be developed. This is well documented in
literature to be a difficult task, as a result of the high temperature calcination stage
required. If a nano powder material was developed, it is logical to presume that the PLA
would be able to surround each filler particle during the composite film production
process, thereby eliminating the problem of particle to particle contact. This should, in
turn, greatly enhance the tensile strength of the composite films. It is also plausible that the
degradative properties of the films could be controlled more closely with a smaller mean

particle size.

Further investigation into the biological activity of the composites must be conducted to
confirm initial results. Immunofluorescence and g-PCR studies must be repeated to ensure
the validity of the results, with a greater range of time points examined. Research in this
chapter only focused on assessing the biological activity of the 40 wt% films; however it
would be interesting to also test the 60 wt% films. Testing composite films with a more
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finely dispersed filler material would be useful to determine if more uniform results would

be obtained.

Research in this thesis has produced initial results which could eventually contribute to a
novel range of composite films used in clinical applications. Promising bioactivity results
must be maintained in future work with an improvement in the mechanical properties of
the composite films. The success of this, it is believed, relies firmly on developing a novel
method for synthesising nanoscale, non agglomerated B-TCP samples and subsequent

nano-composites with PLA.
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