Aston University

Some pages of this thesis may have been removed for copyright restrictions.

If you have discovered material in Aston Research Explorer which is unlawful e.g. breaches
copyright, (either yours or that of a third party) or any other law, including but not limited to
those relating to patent, trademark, confidentiality, data protection, obscenity, defamation,
libel, then please read our Takedown policy and contact the service immediately
(openaccess@aston.ac.uk)



http://www.aston.ac.uk/library/additional-information-for/aston-authors/aston-research-explorer/takedown-policy/

THE DEGRADATION OF GEL-SPUN
POLY(B-HYDROXYBUTYRAT E) FIBROUS MATRIX.

VOLUME 11,

LESLIE JOHN RAY FOSTER

Doctor of Philosophy

THE UNIVERSITY OF ASTON IN BIRMINGHAM

August 1992

This copy of the thesis has been supplied on condition that anyone
who consults it is understood to recognise that it's copyright lies
with its authors and that no quotation from the thesis and no
information derived from it may be published without the authors
prior, written consent.



Chapter 6.

6.0.

6.1.

6.1.0.
6.1.1.

6.1.1.1.
6.1.1.2.

6.1.2.
6.1.3.

6.1.3.0.
6.1.3.1.
6.1.3.2.

6.1.4.

6.2.

6.2.0.
6.2.1.
6.2.2.
6.2.3.
6.2.4.

6.3.

Chapter 7.

7.0.

LIST OF CONTENTS.

Volume 2.

Title Page. page no:

List Of Contents.

The Degradation Of PHB(FM) In
Th hysiological DegradationModel

General Introduction.

The Degradation Of PHB(FM)IP In The Physiological
Degradation Model.

Introduction.

The Degradation Profiles Of PHB(FM)IP.

Degradation Profile In The Physiological Degradation Model.
Comparison With The Accelerated Degradation Model Profile.
Observations Of The Partially Degraded Samples.
Characterization Of The Partially Degraded PHB(FM)IP.
Introduction.

Differential Scanning Calorimetry Calorimetry (DSC) Studies.
Photoacoustic Spectroscopy (PAS) Studies.

Conclusions.

Degradation Of The Co-blended PHB(FM)IP In The
Physiological Degradation Model.

Introduction.

Degradation Profiles Of The Co-blended Samples.
Observations Of The Partially Degraded Samples.
Characterization Of The Partially Degraded Co-blends.
Conclusions.

General Conclusions.

The Degradation Of Melt Processed Biopol
Samples Compared To Gel-spun PHB(FM)IP.

General Introduction.

[e—

N

18
19
21
21

22
22
27
47
56

56

60



The Degradation Of Melt Processed Samples Compared
To The PHB(FM)IP In The Accelerated Degradation Model.

7.1.0. Introduction. 60
7.1.1. The Degradation Of Sample 12V-10SA. Compared
To PHB(FM)IP. 62
7.1.2. Comparisons Between The Degradation Of The Melt
Processed Samples And PHB(FM)IP. 66
7.1.3. Conclusions. 81
7.2. The Degradation Of The Melt Processed Samples
Compared To The PHB(FM)IP In The Physiological
Degradation Model.
7.2.0. Introduction. 82
7.2.1. The Degradation Profiles For The Melt Processed Samples
Compared To The PHB(FM)IP. 83
7.2.2. Comparison Of The Degradation Profiles From Different
Degradation Models. 91
7.2.3. Conclusions. 94
7.3. General Conclusions. 96
Chapter 8. ncluding Di ion An ion
For Further Work.
8.1. Concluding Discussion.
8.1.0. Introduction. 99
8.1.1. The Structure And Physical Properties Of The PHB(FM). 100
8.1.2. The Development Of The Accelerated And Physiological
Degradation Models. 102
8.1.3. Degradation Of The PHB Fibrous Matrix, PHB(FM). 103
8.2. Suggestions For Further Work. 119
References. 122



Chapter Six.

The Degradation Of PHB(FM) In
The Physiological Degradation
Model.



6.0  General Introduction,

This chapter deals with the degradation of the blended and unblended PHB(FM) in the
physiological degradation model. Degradation was monitored using gravimetric analysis
and the partially degraded samples investigated. Thus, the nature of the degradation under
physiological conditions of pH 7.4 and temperature 37.5°C. was determined and then
related to the degradation of the same samples in the accelerated degradation model. These
comparisons would then provide indications as to the suitability of utilizing the accelerated
degradation model as an indication to the possible degradation of samples under

physiological conditions and as implantation devices.

6.1, The Degradation Of PHB(FM)IP In The Physiological Degradation

Model.

6.1.0. Introduction.

Samples of PHB(FM)IP weighing approximately 305mg. +1.6%, were degraded in the
physiological degradation model. The undegraded fraction of the samples was determined
using gravimetric analysis at periodic time intervals and then examined using phase
contrast and scanning electron microscopy (SEM), differential scanning calorimetry
(DSC) and FTIR photoacoustic spectroscopy (PAS). The results obtained were then

compared with those from the accelerated degradation model.



6.1.1. The Degradation Profiles Of PHB(FM)IP.

6.1.1.1. Degradation Profile In The Physiological Degradation Model.

Graph 6.1. illustrates the degradation profile of the PHB(FM)IP monitored by gravimetric
analysis, an induction period from day 1 to approximately day 56 was observed with a
change in degradation from approximately 0.2 to 1.7%. These values were within a 5%
error range and as such little or no change in degradation was concluded. This initial
induction period was probably due to a gradual removal of the solvent residue, the
fracturing and fragmentation of some of the weaker fibres and the degradation of the

relatively small amounts of particulate matter.

During this induction period (stage 0) the buffer gradually penetrated the fibres and began
to degrade the primary amorphous regions, this then led to the collapse of the weakened
fibres, such that between days 56 and 125 the degradation rate gradually increased. At day
125, 95% of the sample still remained, after this the degradation proceeded (stage I) with
a linear rate of approximately 0.11%dy."! until day 324, where 73% of the sample
remained undegraded. This stage I was due to the gradual collapse of the matrix and

continued fragmentation of the fibres and fibre fragments.

Thus, after an initial induction period lasting approximately 50-60 days the matrix

gradually collapsed and degraded.

6.1.1.2. Comparison With The Accelerated Degradation Model Profile.

A comparison of the PHB(FM)IP degradation profiles from the physiological and

accelerated degradation models (Fig. 6.1.) shows that the physiological profile possessed
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.

more pronounced degradation stages than the accelerated profile.

The induction stage 0 for the physiological degradation model profile revealed little
degradation between days 1 and 56, approximately. The induction period was less
noticeable in the accelerated degradation model profile and was observed until around 7
hours degradation. After the induction stage the degradation rate in both profiles
increased, this was observed to occur more gradually for the physiological model profile
compared to the accelerated. The stage I degradation rate was linear in both cases with
rates of approximately 0.11%dy.! and 0.65%dy.™! for the profiles from the physiological

and accelerated degradation models respectively.

The initial matrix collapse and degradation in the accelerated model occurred with a
proportionately greater degradation rate than in the physiological degradation model, but
after this the difference in the degradation rates between the two models was not as great.
Therefore, it was concluded that fibre fragment settlement and compaction had more
influence on the PHB(FM)IP degradation in the accelerated model than in the

physiological and this was reflected in their degradation profiles.

6.1.2. Observations Of The Partially Degraded Samples.

Observations of the partially degraded fibres using phase contrast microscopy revealed
little change in the matrix structure during the initial induction stage 0, the matrix still
retained its integrity and relatively few fibres were fragmented. The fragmentation

gradually increased in the degradation stage [ after approximately day 50, (Plate 6.1).



Examination of the fibre samples at higher magnifications utilizing SEM also illustrated
little degradation in the induction stage, (Plate 6.2). A small amount of fragmentation was
still observed by day 56 as illustrated in plate 6.4., which shows a large proportion of the
fibres were still readily flexible, including the small 'fine' fibres. This indicated that the
relatively small amount of fragmentation observed was most likely due to the SEM
handling and mounting procedures, nevertheless, these fibres were most probably
weakened as part of the degradation process. It was observed that at day 120 a substantial
proportion of the fibres had fragmented, such that the matrix formed a partially collapsed
fibre fragment mass at the phial base. Undegraded particulate matter was also observed,

trapped by the matrix, (Plates 6.5 & 6.6).

The degradation observations were similar to those noticed for the partially degraded
samples from the accelerated degradation model, with the initial induction stage samples
retaining matrix integrity but possessing weakened fibres. Thus, the observations from
samples after 28 and 56 days degradation were comparable with the accelerated model
samples from 1 to 5 hours degradation, whilst the observations from day 120 in the
physiological degradation model where comparable with those from approximately days 3

to 4 for samples in the accelerated degradation model.

Using SEM the changes in fibre diameters during the degradation were determined for a
number of samples. Graphs 6.2. to 6.7. illustrate the fibre diameter distributions for the

partially degraded samples after 1, 28, 56, 120, 175 and 275 days degradation

respectively.
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The fibre diameter distribution for the day 1 sample was similar to that of the undegraded
with the main diameters being 1-2 and 4-5um. and possessing frequencies of 20% each
The distributions remained approximately the same after 28 days degradation, however

after 56 days it became more even in the medium sized diameter range (6-15um.), whilst

the main peaks of 1-2 and 4-5um. were still observed.

At day 120, fibres were observed at all the diameters. The 1-2um. peak had decreased in
frequency from 20% to 14% but the 4-5um. peak had increased to 24%. Similarly, the
very small fibres with 0-1um. diameter had increased to approximately 12%. This fine’
fibre peak at 0-1um. drastically decreased to 4% by day 175 as did the distributions from
1 to 3 microns. However, the frequency at the 3-4um. range increased from around 2% at

day 120 to approximately 16%.

After 275 days degradation the fibre diameter distributions in the small diameter range of
<6um. were drastically reduced with no fibres observed at 0-1 and 2-3um. However, the
frequencies for fibres in the 3 to 8 micron ranges had increased so that the two narrow

distribution peaks of 1-2 and 4-5um. observed in the previous samples were replaced by a

relatively broad peak around the 5-6um. range. Thus, the main distribution of fibres

appeared to shift towards the higher diameter ranges.

Considering the distributions as small, medium and large diameters for <6, 6-15 and

. ent i ion
>15um. respectively, provided a clearer picture when represented against the degradatio

time, (Graph 6.8). As can be observed from graph 6.8, the small diameter fibre frequency

: i th
increased from 64% at day 1 to a peak at day 28 with 72%, this was due to the

-14-
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fragmentation of a proportion of these fibres. As a result of this, the medium sized fibre
frequency was reduced, so that a corresponding 'dip' was observed. After day 28 some
of the medium sized fibres gradually fragmented until day 120, similarly, the number of
large diameter fibres also gradually increased from day 1 to day 275 due to fragmentation.
Thus, the medium and large fibre frequencies increased stightly, this then caused a

corresponding decrease in the small diameter frequency due to the counting procedure.

At day 175 the small diameter frequency increased again to 74% from 62% at day 120,
this caused a corresponding decrease in the medium sized fibres, which readily
fragmented by day 275 and caused a decrease in the number of smail diameter fibres

counted.

Thus, it was concluded that fragmentation of the small diameter fibres occurred initially
until around day 28, after which the gradual fragmentation of the large diameter and a
relatively small proportion of the medium sized fibres occurred. Further fragmentation of
the small and medium sized fibres occurred at day 175, although this was more noticeable
with the small diameter fibres. These small fibres then readily degraded to particulate

matter and the large number of medium sized fibre fragments became apparent.

6.1.3. Characterization Of The Partially Degraded PHB(FM)IP.

6.1.3.0. Introduction.

The partially degraded samples from the physiological degradation model were examined
using DSC and the melting points (mp.), fusion enthalpies (AHm.) and glass transition

temperatures (Tg.) were determined. The samples were also examined using FTIR-PAS.

-18-



The results from these experiments helped to determine the nature of the PHB(FM)IP

degradation in the physiological model and its relation to that of the IP sample in the

accelerated model.

6.1.3.1. Differential Scanning Calorimetry (DSQC) Studies.

Graph 6.9 illustrates the change in the melting point of the partially degraded samples

during degradation, whilst graph 6.10 shows the change in the fusion enthalpy.

There was initially little change in the melting point of the partially degraded PHB(FM)IP,
which remained at approximately 175°C. for about 100 days, (Graph 6.9). This tended to
indicate that during the initial induction period, where only a small amount of degradation
was observed, there was no change in the stability of the remaining PHB fibres.
However, graph 6.10 revealed a gradual increase in the fusion enthalpy from
approximately 72Jg."! at day 1 to a peak of approximately 98 Jg.'laround day 145. This
trend was also similar to that of the percentage crystallinity and thus, the crystallinity
increased from approximately 70% at day 1 to about 94% at day 145. These results

indicated that the amorphous regions of the matrix were gradually degraded in the

induction stage.

After day 100 the melting point gradually decreased until approximately 166°C. at day
323. Similarly, the fusion enthalpy also decreased after day 145, so that a peak was
observed, (graph 6.10). A similar enthalpy peak was also observed for the partially
degraded IP samples from the accelerated degradation model, (Graph 4.28). The

accelerated model enthalpy peak was at day 4 and this indicated that the degradation at day

-19-
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4 in the accelerated degradation model was comparable to that of day 130 in the
physiological degradation model. This conclusion was also substantiated by the similarity

in the observations of the partially degraded samples from the two degradation models.

(Sec. 6.1.2.).

No glass transition temperatures were determined for samples from 1 to 175 days
degradation, even utilizing the first order derivative, this indicated the high crystalline
nature of the samples. However, after day 175 some of the samples had noticeable Tg.'s.

At day 325 the Tg. was approximately -19°C.

6.1.3.2. Photoacoustic Spectroscopy (PAS) Studies.

The PAS traces obtained from the partially degraded samples revealed little difference
from those of the undegraded, whilst subtracting the traces revealed similar differences as
those obtained from the accelerated degradation model samples. A carbonyl shift and
carboxylate ion peak were observed at the 1768 and 1718cm.”! wavebands respectively.
This confirmed that the PHB degradation occurred by cleavage of the ester bonds as was

determined from the samples in the accelerated degradation model.

6.1.4. Conclusions.

It was concluded that the degradation of the PHB(FM)IP was more prolonged in the

physiological degradation model than the accelerated, such that the degradation stages

were comparatively more pronounced. There was an initial induction period of

approximately 50-60 days which revealed little change in the matrix structure but a gradual

weakening of the polymer chains and fibres. These weakened fibres then gradually

21-



collapsed and the degradation proceeded more quickly. During the initial induction period
and the matrix collapse the amorphous regions were gradually degraded, so that a

maximum crystallinity of approximately 94% was observed around day 145 and this was

the beginning of the stage I degradation,

6.2, Degr ion Of Th -blen PHB(FM)IP In The Physiological

Degradation Model,

6.2.0. Introduction.

Co-blended PHB(FM)IP samples were degraded in the physiological degradation model
and the degradation monitored by gravimetric analysis. The degradation profiles were then
compared to that obtained for the PHB(FM)IP. The partially degraded samples were
examined utilizing phase contrast and scanning electron microscopy (SEM), differential

scanning calorimetry (DSC) and FTIR-photoacoustic spectroscopy (PAS).

6.2.1. Degradation Profiles Of The Co-blended Samples.

Graphs 6.11. to 6.13. illustrate the degradation profiles for the following co-blended

samples in the physiological degradation model:

1) L.Pec.9. 9% Pectin.

2) L.Pec.15. 15% Pectin.

3) L.Pec.25.S. 25% Pectin, (Start of the manufacturing run).
4) L.Pec.25.E. ) " (End " " ¥ ")

22-



In contrast to the PHB(FM)IP degradation profile, samples L.Pec.9., L.Pec.15. and
L.Pec.25.E. did not show any initial induction periods but revealed initial weight losses.
These losses were due to the pectin, which degraded comparatively faster than the PHB.
For samples L.Pec.9. and L.Pec.15. these weight losses were similar to their initial ideal
pectin loadings of 9 and 15% respectively, however, sample L.Pec.25.E. showed a loss
of approximately 19%, whilst sample L.Pec.25.S. did not exhibit any initial weight loss
and possessed a profile more similar to that of the PHB(FM)IP. These results indicated

that the blending at the comparatively high percentage loadings was inefficient.

As a result of the pectin degradation there was an increase in the available surface area to
volume ratio of the remaining matrix and this facilitated in the PHB degradation.
Similarly, the pectin degradation also introduced structural weaknesses in a proportion of
the fibres which facilitated in the fibre and matrix collapse, this also further increased the

surface area to volume ratio. The degradation of the PHB then proceeded more rapidly.

The pectin ensured that the matrix degradation was considerably greater than that of the IP
sample. The degradation at day 325 for the co-blends was approximately the same for
L.Pec.9., L.Pec.15. and L.Pec.25.E. with 48, 51 and 55% degradation respectively,
whilst sample L.Pec.25.S. had 38% degradation. These values contrasted with the IP

sample which exhibited approximately 27% degradation at day 325.

Thus, taking the pectin loading into consideration, it was concluded that blending the

PHB(FM)IP with pectin increased the degradation of PHB in the physiological model by

a further 13%, approximately, above the degradation of the unblended PHB(FM)IP at day

-23-
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325, irrespective of the pectin loading. Increasing the pectin loading above 15% reduced

the blending efficiency, such that the loadings failed to match the initial ideal.

6.2.2. Observations Of The Partially Degraded Samples.
The observations of the partially degraded co-blends (Plates 6.7-6.15) using phase
contrast and SEM were similar to those examined from the accelerated degradation model

and were consistent with the conclusions from the physiological degradation profiles.

Samples L.Pec.9., L.Pec.15. and L.Pec.25.E. possessed noticeable pectin cavities by
day 28 and a relatively large amount of fragmentation compared to the IP sample from the
same time was also observed, (Plates 6.8, 6.9 & 6.13). This fragmentation was also
facilitated by the handling and mounting techniques. However, substantial proportions of
the matrices still maintained integrity, (Plates 6.13 & 6.15). There was little difference in
the degradation of the samples by day 80, which exhibited a similar amount of
fragmentation to those observed at day 28, (Plate 6.9). By day 143 fragmentation had

increased and fracturing in the remaining fibre fragments was also noticed, (Plate 6.10).

Sample L.Pec.25.S. did not exhibit any noticeable pectin cavities, this tended to confirm
the absence of pectin, which was also indicated in the degradation profile. However,
fracturing and fragmentation of the fibres were observed by day 80, but to a

comparatively lesser extent than the other co-blended samples, (Plate 6.11).

Thus, the degradation of the co-blends was characterized by the initial pectin degradation

and the formation of the pectin cavities which led to an initial matrix collapse to fibre

27-


















fragments by day 28. These fibre fragments then remained relatively stable until around

day 80 before further fragmentation occurred. These observations at days 28 and 80 were
comparable with those from the accelerated degradation model around 7 hours
degradation, whilst the later observations around day 143 in the physiological degradation

model were similar to the day 1 degradation in the accelerated model.

Thus, the method of degradation for the co-blended samples in the physiological
degradation model was the same as that for samples from the accelerated degradation
model. However, similar to the IP sample (Sec. 6.1.), the degradation stages were more

pronounced.

Graphs 6.14 to 6.19 illustrate the changes in the fibre diameter distributions for the
L.Pec.9. fibres during degradation in the physiological degradation model. The partially
degraded L.Pec.15. fibre diameter distributions are illustrated in graphs 6.20 to 6.25 and
the distributions for the L.Pec.25.S. and L.Pec.25.E. samples are illustrated in graphs

6.26 to 6.31.

The L.Pec.9. fibre diameter distributions were characterized by an initial frequency
increase of the 0-2 micron diameter range until day 56, this was accompanied by a gradual
increase in the variation of the fibre diameters. After day 56, the number of fibres
possessing diameters in the 0 to 2 micron range gradually decreased and at day 275 no
fibres were observed at 0-lum. and only 4% possessed diameters in the 1-2um. range.
The variation of fibre diameters continued to increase after day 56 with frequencies

observed at all the diameter ranges except the 11-12um. at day 175 and the 0-1lum. at day

-33-
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275. These trends were similar to those exhibited by the PHB(FM)IP fibre diameter
distributions, however, the homopolymer fibres at the 0-1 and 1-2um. diameters appeared
more stable and showed similar frequencies during degradation until after day 56 when
they gradually decreased. These comparisons tended to indicate that the blending initially
increased the number of fibres with small diameters between 0 and 2 microns and that
these fibres were weaker than their homopolymer counterparts, as a result of this, they

gradually fragmented until around day 56.

Similar to the L.Pec.9. fibre diameter distributions, the distribution of the L.Pec.15.
diameters also exhibited an initial increase in the 0 to 2 micron range, with a noticeable
increase in the 1-2um. frequency from 18% at day 1 to 26% at day 56. After day 56 the 0
to 2um. range frequencies gradually decreased, however, the 1-2um. diameter fibres were
comparatively more stable than their L.Pec.9. counterparts and their frequency did not

decrease as substantially, (Graphs 6.20-6.25).

In contrast to the L.Pec.9. distributions, there was a gradual decrease in the variation of
the L.Pec.15. fibre diameters until day 275, where no frequencies observed at 0-1um. and
between the 9 to 15 micron ranges. The fibre diameter distributions were characterized by
a gradual frequency increase of the large diameters at the 15+ micron range from
approximately 8% at day 1 to around 18% at day 275. These results indicated that
increasing the pectin loading from 9 to 15% increased the initial number of large diameter

fibres and that these fibres were comparatively heavily loaded with pectin, which upon

dissolution facilitated in their fragmentation.
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The fibre diameter distributions of the L.Pec.25.E. sample illustrated in graphs 6.26 to
6.31 exhibited a gradual increase in the frequency of the large diameter fibres (15+um.)
from 8% at day 1 to approximately 20% at day 56, before gradually decreasing to around
10% at day 275. This trend was due to the gradual dissolution of the pectin by day 28 and
the subsequent fragmentation of the weakened large diameter fibres by day 56. In
contrast, the large diameter fibres from sample L.Pec.25.S. (Graphs 6.26-6.31)
possessed only a 2% frequency at day 1 and this remained similar throughout the
degradation experiment. No L.Pec.25.E. fibres were counted at the 0-1um. range whilst
the main distribution peak shifted to 4-5um. from the 1-2um. peak observed in the
L.Pec.9. sample. The fibres at this 4-5um. peak were relatively stable and as a result of
this, their frequency gradually decreased from 32% at day 1 to 16% at day 175, due to the
fragmentation of the other fibres and the counting procedure. After day 175, these fibres
fragmented and their frequency increased to approximately 26%. This fragmentation
coincided with the increase in degradation around day 200 observed in the degradation

profile, graph 6.13.

The fibre diameter distributions of the L.Pec.25.S. sample exhibited similar trends to
those discussed for the L.Pec.9. sample. There was a gradual increase in the frequencies
of the fibres possessing diameters between 0 and 3 microns until around day 56, after
which the 0-1um. range frequency gradually decreased, whilst the frequencies of those
fibres with diameters between 1 and 3 microns continued to increase until around day
175. Similarly, the distribution variation for L.Pec.25.S. also increased until day 125 and
then decreased at day 175 with no frequencies observed between 10 and 15 microns, in

contrast, the L.Pec.25.E. distributions exhibited frequencies at all the diameter ranges
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except the 0-1um. range.

Graphs 6.32 to 6.35 illustrate the general fibre diameter distributions of the co-blends

according to the groups; small, medium and large, for diameters <6, 6-15 and >15um.
respectively. As can be observed from graph 6.32 there was a gradual decrease in the
small diameter frequency of the L.Pec.9. sample with a corresponding increase in the
medium and large sized fibres. This contrasted with the general fibre diameter distribution
from the accelerated degradation model (Graph 5.33) which showed an initial increase in
the small diameter frequency and then a sharp decrease after approximately 7 hours
degradation, with a corresponding frequency decrease and then increase in the medium

sized fibres.

The general fibre diameter distributions of the L.Pec.15. sample (Graph 6.33) were
similar to those determined from the accelerated degradation model, (Graph 5.39.). In the
accelerated degradation model the number of small fibres from L.Pec.15. increased until 7
hours degradation before decreasing, however, in the distribution from the physiological
degradation model this initial small fibre increase was observed until around day 56 and
the decrease at day 125. Similarly, the general fibre diameter distribution for the
L.Pec.25.E. sample, (Graph 6.34), was comparable to that obtained for the sample in the
accelerated degradation model. However, in this instance, there was a gradual decrease in
the L.Pec.25.E. small diameter frequency until 6 hours degradation and then an increase,
whilst in the physiological degradation model, the small diameter frequency decreased
until around day 175 and then increased. The distribution trends for the medium and large
he two degradation models were also comparable.

diameter groups fromt
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Graph 6.34 illustrates the general fibre diameter distribution for the L.Pec.25.S. sample
which showed little change in the diameter group frequencies for the first 125 days
degradation, this was comparable to the first 3 hours degradation for the sample in the
accelerated degradation model. After day 125 there was a slight increase in the small
diameter frequency from around 80 to 88% at day 175 with a corresponding decrease in
the medium sized fibres from 18 to approximately 10%. After day 175 the medium sized
fibres fragmented and their frequency increased to approximately 40% at day 275, with a
decrease in the small diameter frequency to 58%. The large diameter fibres maintained a
similar frequency during the experiment. This apparent lack of frequency change in the
first 175 days for the L.Pec.25.S. diameter groups coincided with the comparatively little

weight loss observed in the degradation profile, graph 6.13.

Therefore, it was concluded that blending the PHB(FM)IP with pectin increased the initial
number of small diameter fibres at the 0-2um. range and weakened these fibres so that
fragmentation readily occurred. Increasing the pectin loading increased the initial number
of large diameter fibres (>15um.) and these were also relatively weak compared to their

homopolymer counterparts, so that fragmentation occurred after the pectin dissolution.

6.2.3. Characterization Of The Partially Degraded Co-blends.
The partially degraded co-blend samples were examined utilizing DSC and the melting
points, fusion enthalpies and glass transition temperatures determined. The samples were

also examined using FTIR-PAS. As can be observed from graphs 6.33 to 6.40, the

changes in the melting point and fusion enthalpy during the degradation followed similar

trends for all the co-blended samples. These trends were also similar to those determined
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for the PHB(FM)IP.

The melting point graphs were characterized by an initial induction period where there was
little change until around days 50 to 75. After this period the melting point gradually
decreased, so that at day 325 there was an overall change in the co-blends of
approximately -12 £2°C. This contrasted with the melting point change for the IP sample

which decreased by approximately 6 +2°C.

The change in the fusion enthalpies of the co-blended samples were characterized by a
gradual increase to a peak before gradually decreasing. This peak corresponded to a point
of maximum crystallinity, after which the remaining PHB matrix readily degraded. This
enthalpy increase was approximately 17 £5J g1, which was similar to that determined
for the IP sample; 25 +5J g.'1 However, it was observed that increasing the pectin loading

increased the time period before this enthalpy/crystallinity peak was attained, (Table 6.1.).

Sample: Actual Pectin [oading: Time To Reach Crystallinity Peak:

L.Pec.9. 9% 90 days.
L.Pec.25.S. 0% (approx.) 130 "
PHB(FM)IP 0% 145
L.Pec.15. 15% 170 "
L.Pec.25.E. 19% 225 "

1 loadings, L.Pec.9. and L.Pec.25.8., reduced the

The samples with relatively low pecti

48-
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time period necessary to attain maximum crystallinity when compared to the IP sample.

These peak shifts were observed for the samples from the accelerated degradation model,

but were not as conclusive.

In contrast to the PHB(FM)IP sample, the glass transition temperatures (Tg.) were quite
noticeable for most of the samples during the degradation. In some instances the use of
the first order derivative was necessary, whilst in others no discernible Tg. was
measured. Graphs 6.41 to 6.44 illustrate the changes in the Tg. during the degradation for
the co-blended samples. As can be observed the changes in the Tg. were similar. The

partially degraded L.Pec.9. showed a gradual decrease in the Tg. from 2 £3°C. at day 1 to

approximately -10 £3°C. at day 175, before levelling out around -13 £3°C. until day 323.

Sample L.Pec.15. initially showed little change in the Tg. which varied from 2 £3°C. at
day 28 to -3 £3°C. at day 125. After this, the Tg. suddenly decreased to -11 £3°C. at day
143 and maintained a similar value until the end of the experiment. A similar trend was
observed for sample L.Pec.25.E. which had a comparatively sudden decrease from 0
+3°C. at day 143 to -8 +3°C. at day 175. In contrast, sample L.Pec.25.S. exhibited a

gradual decrease in the Tg. from 2 £3°C. atday 1 to approximately -8 £3°C. at day 325.

Thus, it was concluded that those samples with a comparatively low pectin loading;
L.Pec.9. and L.Pec.25.S., showed a more gradual decrease in the Tg., whilst the
comparatively higher loadings of samples L.Pec.15. and L.Pec.25.E., exhibited little
e initially but then a sudden decrease. There was an average decrease of -14 £3°C.

chang

for all the samples.
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6.2.4. Conclusions.

It was concluded therefore that, similar to the PHB(FM)IP degradation, the degradation

nature of the co-blended samples in the physiological degradation model was more

prolonged than that of the co-blends in the accelerated degradation model.

There was an initial pectin loss by day 28 which facilitated the partial collapse of the
matrix and increased the available surface area to volume ratio, so that the degradation of

the PHB proceeded comparatively more quickly than in the unblended PHB(FM)IP.

The time taken to attain the maximum crystallinity for the partially degraded samples were
reduced compared to the IP sample, for those samples with low pectin loadings.
Increasing the loading above 9-15% increased the necessary time and reduced the

blending efficiency.

6.3. General Conclusions,

It was concluded that the degradation of the blended and unblended PHB(FM)IP in the
physiological degradation model was similar to the degradation in the accelerated model,

however, the degradation stages were more prolonged and pronounced. There was a

noticeable induction stage 0 lasting until around days 50 to 60 for the PHB(FM)IP

degradation, during this time the buffer gradually penetrated the fibres and began to
en led to the collapse of the weakened

degrade the primary amorphous regions. This th

fibres, stage 1. At stage I there was a gradual increase in the degradation rate until around
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day 125 where a linear rate of approximately (.1 l%dy.’l was determined. Similarly, the

stage I in the accelerated degradation model exhibited a linear degradation rate of

approximately O.65%dy.'1. Thus, the degradation profiles were comparable, (See Fig.
6.1).The degradation profiles for the co-blends were similar to that determined for the

homopolymer. However, in these cases, initjal weight losses followed by less noticeable

induction stages were observed, this was due to the gradual degradation of the pectin.

The relatively more noticeable stages in the physiological degradation profiles helped to
clarify the nature of the PHB(FM) degradation. The limiting factor of settlement and
compaction apparently exhibited more influence on the sample degradation in the
accelerated degradation model than in the physiological and these were reflected in the

degradation profiles obtained.

The phase contrast and scanning electron microscopy observations were consistent with
the degradation process as determined from the accelerated degradation model and from
the conclusions drawn from the degradation profiles in this chapter. Similarly, the fibre
diameter distributions also confirmed those conclusions from the accelerated degradation
studies, with fragmentation first occurring in the small diameter fibres and the diameter
distribution gradually shifting to the larger diameter ranges. Blending the PHB(FM)IP
also shifted this distribution initially in the undegraded samples and increased the number

of large diameter fibres, which were comparatively heavily loaded with pectin and as a

result readily fragmented.

There was little change in the melting points of the partially degraded samples during an



induction period lasting until around days 50 to 75. After day 75, a gradual decrease was

observed, so that at day 324, when the experiment was terminated, the PHB(FM)IP
exhibited an overall decrease of approximately 6 +2°C., compared to a decrease of around
12 £2°C. for the co-blends. In contrast, the fusion enthalpy changes showed no induction
stage but gradually increased to a single peak. This peak was attained more quickly for
those samples with comparatively low pectin loadings, L.Pec.9. and L.Pec.25.S. and

was delayed for those samples with relatively higher loadings, L.Pec.15. and

L.Pec.25.E. Thus, the amorphous regions of the sample were initially degraded.

Therefore, it was concluded that the degradation of the fibrous matrix samples in the
accelerated degradation model provided an accurate indication as to the degradation of the
same samples in the physiological degradation model and thus, a clearer picture as to their

biodegradation within the body system.
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7.0.  General Introduction,

The structure and degradation of the fibrous matrix samples and the effects of blending
with various polysaccharides, copolymerizing with PHV and altering the production
process on the degradation has been investigated and discussed in previous chapters. In
this chapter the degradation profiles for a number of melt processed PHB based samples,
possessing various PHV and carbohydrate loadings and different sample shapes, are
determined utilizing the same accelerated and physiological degradation models used to
determine the fibrous matrix degradation. The comparison of the degradation profiles of
these samples and that of the PHB(FM)IP, gives an indication as to the suitability of these

samples for use as medical implantation devices.

The degradation of the melt processed samples in the physiological degradation model
.. . . . 99 .

was then compared to their degradation in the physiological model used by Yasm.[ J This

provides a basis to which the degradation of the fibrous matrix samples could be

compared to a wider range of melt processed samples investigated by Yasin.

7.1, The Degradation Of Melt Processed Samples Compared To

PHB(FM)IP In The Accelerated Degradation Model,

7.1.0 Introduction.
A number of melt processed discs and stepped plaques with varying percentage loadings,

. (%9 . o
made according to the processing methods of Dr. Yasin,  with the same standard initial
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weight of 305mg. (£1.6%) were degraded in the accelerated degradation model. The

samples are listed below:

Ratio Blending Agent

Sample. PHB:PHV And Loading. Sampie Shape.
12V-10SA. 88:12 Sodium Alginate  10% HD
12V-30SA. 88:12 Sodium Alginate 30 SP
20V-10BT. 80:20 Branand Talc 10 SP
20V-30Amy. 80:20 Amylose 30 HD
12V-10Dex. 88:12 Dextran 10 HD
20V-30Dex. 80:20 Dextran 30 HD

D

Stepped Plaque.  Half A Circular Disc.
SP HD

The discs and plaques were altered to the standard weight, this generally entailed halving
the initial samples so that half circular discs and stepped plaques of equivalent masses
were produced, (Plate. 7.1). These were then degraded in the same experimental system
as the PHB(FM)IP, previously discussed in chapter 4. The degradation of the samples
was measured by gravimetric analysis, whilst the degradation of sample 12V-10SA. was
also investigated utilizing monomer and particulate analysis. The degradation profiles

were then compared to that of PHB(FM)IP.

These experiments were performed in order to provide a comparison of the degradation

profiles for the melt processed samples with the fibrous form. This was important, since

the melt processed samples had possible uses as other forms of medical implantation

devices.
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7.1.1. The Degradation Of Sample 12V-10SA. Compared To
PHB(FM)IP.

Graph 7.1 illustrates the degradation of the PHB component to the monomer for sample

12V-10SA. expressed as a percentage of the initial PHB weight, and compares it to that of

PHB(FM)IP. Similarly, graph 7.2 illustrates the degradation profiles for the two samples

according to monomer and particulate analysis, whilst graph 7.3 illustrates the sample

degradation as monitored by gravimetric analysis.

The comparisons of graphs 7.1 to 7.3 build up a comprehensive picture of the degradation
process of sample 12V-10SA. in which the characteristics are an initial induction period
with relatively little degradation until around day 8, followed by a gradual increase in
degradation until a practically linear degradation rate of approximately 2.9%dy."! around
day 19. The initial induction period was due to the penetration of the injection moulded
sample by the degrading medium and the gradual dissolution of the sodium alginate. This
corresponded to a gradual increase in the surface area to volume ratio of the P(HB-HV)
copolymer component which then readily degraded. The gravimetric analysis was also
characterized by a short term increase in the sample wet weight due to an increase in the
porosity as the sodium alginate dissolved out of the sample. As degradation progressed,
both the wet and dry weights began to decrease, until the sample fragmentation and

porosity decrease reduced their difference, so that around day 37 no significant difference
between the wet and dry weights was determined.

In contrast to the 12V-10SA. degradation, the fibrous matrix degradation profiles were

characterized by an initial rapid degradation due to the maurix collapse and corresponding
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increase in the surface area to volume ratio, (Graphs 7.1-7.3). During degradation stages I
to III the PHB(FM)IP degradation exceeded that of the 12V-10SA. sample, despite the
fact that the melt processed sample possessed a lower initial PHB weight, which
facilitated its degradation, as discussed in chapter 4. At degradation stage IV the limiting
factors of matter compaction and residual 'degradation resistant' matter (See chapter 4)
had a greater influence on the PHB(FM)IP than on 12V-10SA., so that the degradation of
both samples was approximately equal at 81% around day 33. At day 19, at the beginning
of the step stage IV for PHB(FM)IP, there was approximately 63 and 31% degradation
for samples PHB(FM)IP and 12V-10SA. respectively, with the overall linear degradation

rates of approximately 3.3 and 1.6%dy."! respectively.

Thus, the 12V-10SA. degradation profile is one of an induction period followed by a
practically linear degradation in comparison to the much more rapid initial degradation
followed by a plateauing effect exhibited by the PHB(FM)IP degradation. Although
considerably less PHB was initially present for sample 12V-10SA., the sample surface
area to volume ratio delayed and reduced the PHB degradation so that the fibrous matrix,

by virtue of its comparatively larger surface area to volume ratio, degraded more quickly.

7.1.2. Comparisons Between The Degradation Of The Melt Processed
Samples And PHB(FM)IP.

Graph 7.4 illustrates the degradation profile of sample 12V-30SA. monitored by dry

weight loss and compares it to that obtained for PHB(FM)IP. The greater degradation of

the 12V-30SA. sample compared to the 12V-10SA. was due to the increased surface area

to volume ratio of the stepped plaque compared to the half circular disc and to the greater
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I

sodium alginate loading. This increase in the loading facilitated the degradation not only
by simple sample weight loss, because of its relatively rapid degradation compared to

PHB, but also due to the further increase in the surface area to volume ratio of the partially

degraded plaque, (Plate 7.3).

The sodium alginate degraded by day 2 with a 31% weight loss. This facilitated the
sample fragmentation and PHB degradation. The degradation rate then gradually
decreased due to the limiting factors discussed in chapter 4. After day 2 the 12V-30SA.
degradation profile trend was similar to that of the PHB(FM)IP. However, the stage IV
was slightly greater for the IP sample, so that at day 19 the 12V-30SA sample exhibited
72% degradation and an overall linear degradation rate of approximately 3.8%dy. 1,

compared to 63% and 3.3%dy.”! for the PHB(FM)IP.

Therefore the potential for further degradation was greater for PHB(FM)IP than 12V-
30SA. This was confirmed by the slight increase in the IP degraded particulate matter at
day 33 due to agitation, illustrated in graph 7.4, and the photographic record of Plates 7.1
to 7.3, where sample 12V-30SA. collapsed within two days but sample 12V-10SA.
retained integrity until after day 9. Similar to 12V-30SA., sample 20V-10BT. was also a
stepped plaque but collapse was not as great or rapid as with sample 12V-30SA. This was

due to the lower loading of 10% bran and talc. Similarly, the increased PHV component

did not facilitate the degradation.

The degradation profile of sample 20V-10BT. was practically linear with a degradation

rate of approximately 3%dy.'1 until day 18, (Graph 7.5), when a gradual decrease was
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observed due to the limiting factors. Similar to 12V-30SA., there was an undegraded
fraction at termination of the experiment of approximately 7.4%, however the 12V-30SA.

degradation profile exhibited little degradation at stage IV whilst no such plateauing effect

was observed for sample 20V-10BT.

Sample 20V-30Amy. possessed 30% amylose and a 20% PHV component of the P(HB-
HV) in half a circular disc. This was similar to sample 20V-30Dex., but as can be
observed from graphs 7.6 and 7.7, the degradation profiles were quite different. In 20V-
30Amy the 30% amylose rapidly degraded within the first day and this was observed as
the large degradation rate at stage I, (Plate 7.2). However, due to the PHV component and
the sample shape, the degradation of the remaining P(HB-HV) was comparatively reduced
and the degradation rate gradually decreased to the terminal step stage IV beginning

around day 19, with 63% degradation.

Thus, it was concluded that for sample 20V-30Amy., the stage I of the degradation profile
was due to the amylose degradation, stages Il and III due to the PHB and stage IV due to
the PHV degradation. These accounted for approximately 29, 55 and 16% respectively,
these values matched the alleged initial loadings of 30, 56 and 14% respectively. This
indicated the accuracy of the loadings, a lack of blending between the biopol and the

amylose and the comparatively greater resistance to degradation of the PHV component.

Therefore, the degradation of 20V-30Amy. was originally greater than that of
PHB(FM)IP until approximately day 13, after which the degradation profiles were

similar. At stage IV the primary limiting factor for 20V-30Amy. was the degradation
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resistant material, whilst for the IP sample it was the particulate matter settlement and
compaction. Therefore, the potential for further degradation was greater for the IP sample

than for 20V-30Amy., as the slight agitation at day 33 confirmed, (Graph 7.6).

The buffer penetration into sample 20V-30Dex. was more gradual than that for sample
20V-30Amy. due to the comparatively faster dissolution of the amylose compared to the
dextran, (Graph 7.7). Consequently, the 20V-30Dex. collapse was more gradual and the
degradation of the P(HB-HV) progressed to a comparatively greater extent and in a more
continuous order than the separate stages observed for the 20V-30Amy. sample. At the
termination of the experiment, 20V-30Amy. possessed approximately 29.5% undegraded
sample, whilst its dextran counterpart had only 4.4%. This indicated a retention of the
sample structure for a comparatively longer period in 20V-30Dex. and this was confirmed

by visual observations, (Plates 7.2 & 7.3).

Graph 7.8 illustrates the degradation profile for the half circular disc sample 12V-10Dex.
After an initial induction period until day 9, with approximately 12% degradation, the
degradation rate gradually increased until a linear rate of 2.5%dy.‘l was observed around
day 15 and continued until day 37 where approximately 84.5% degradation was
determined. The induction period was therefore concluded as being due to the buffer
penetration into the sample and the gradual erosion of the dextran. Similar to sample 20V-
30Dex., the dextran in 12V-10Dex. was evenly distributed within the sample.
Consequently, the dextran in 12V-10Dex. was not as readily available to the degrading
medium due to the proportionately greater biopol loading when compared to 20V-30Dex.

and thus, the buffer penetration was slower. The erosion of the 12V-10Dex. dextran
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gradually increased the surface area to volume ratio of the partially degraded sample and
maintained this ratio longer than 12V-30Dex. which collapsed. Thus, the PHB

degradation in 12V-10Dex. was more gradual than in its 30% counterpart.

The IP sample degraded much quicker than 12V-10Dex. with no induction period but a
gradual degradation until day 19, when matter compaction and the terminal step stage IV
began. At day 19 the overall degradation rates assuming linearity were 3.3 and 2.2%dy."!

for the IP and 12V-10Dex. samples respectively.

Graph 7.9 illustrates the degradation of all the melt processed samples monitored by
gravimetry (dry weight loss). As can be observed, the final degradations at day 37 varied
comparatively slightly with only a maximum of 11.2% difference, (Table 7.1). However,
the degradation profiles varied more substantially. A comparison between these profiles
and that of the fibrous matrix degradation is discussed using the times for 10 and 50%
degradation; t,, and ts, respectively, and by the percentage degradation and the overall
linear degradation rates at day 19; the beginning of the step stage IV for the PHB(FM)IP

sample. These values are illustrated in table 7.2.

The degradation of all the melt processed samples studied in this chapter was characterized
by the initial dissolution of the blending agent into the buffer solution, this then increased
the surface area to volume ratio of the remaining sample and facilitated in its degradation.
For those samples with a comparatively large loading there was a rapid initial dissolution.
The rate of this dissolution was dependent upon the carbohydrate nature; the dextran in

20V-30Dex. was slower to degrade than the amylose in its counterpart 20V-30Amy, and
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20V-30Dex. )y 20V-10BT. ) 12V-30SA.) 12V-10SA. ) 20V-30Amy. > 12V-10Dex.

Degradation 95.3 92.3 90.7 88.3 85.7 84.5
(%) \/ 5. .
Difference. \/ \/ \/ \/
(%) 3 1.6 24 2.6 1.2
Table 7.1
mple Degr ion Order At Termination D 7
Sample: tio  tso % Degradation Overall Linear
(Days) At Day 19. Degradation Rate (%/dy.)
20V-30Dex. 1 6.5 Days 78 % 4.1%/dy.
PHB(FM)IP. 2 11 73 3.8
12V-30SA. 0.5 4.5 72 3.8
20V-30Amy. 0.5 8.5 70 3.7
20V-10BT. 3 16 59 3.1
20V-10Dex. 5 23 39 2.1
12V-10SA. 55 215 31 1.6
Table 7.2

ri f Degr ion 1 For _Th i
Pr An ibr Matrix mpl
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thus it possessed a larger t,,. However, the tso for 20V-30Dex. was smaller than that of
20V-30Amy., this was due to the dextran sample maintaining a comparatively larger
surface area to volume ratio for a longer time period. Therefore, the nature of the

carbohydrate was concluded as being a factor in determining the degradation of a sample.

The carbohydrate dissolution was slower for those samples with a lower percentage
loading eg: 12V-10SA., this was due to their distribution within the sample and their
reduced availability to the degrading medium compared to those samples possessing larger
percentage loadings eg: 12V-30SA. Consequently, the t,, for these lower loaded samples
was greater than for the larger loaded ones. Similarly, after dissolution the surface area to
volume ratio of those samples with a low carbohydrate loading was comparatively smaller
than those with the larger loading, consequently, the ts, of these lower loaded samples
was also greater. Thus, it was concluded that the percentage loading of the carbohydrate

was a factor effecting the degradation of a sample.

It was observed that sample 12V-30SA. exhibited a smaller t, than either 20V-30Dex. or
20V-30Amy.; the other comparatively larger loaded samples. Although the carbohydrate
dissolution rate and its subsequent effects on the sample surface area to volume ratio has
been concluded as a factor, in this instance the initial sample shape could also have had an
affect, 12V-30Dex. was a stepped plaque with an initially greater surface area to volume
ratio than the half circular discs of 20V-30Dex. and 20V-30Amy. Similarly, the lower
PHV loading may also have played a role. In the larger loaded samples the carbohydrate
dissolution greatly increased the surface area to volume ratio, so that the initial sample

shape and its surface area to volume ratio were less influential on the sample degradation
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than in those samples with comparatively lower carbohydrate loadings. Sample 20V-
10BT. had a noticeably smaller t,o and ts, than 12V-10Dex. and 12V-10SA., this was
due to its initial stepped plaque shape compared to the half circular discs of 12V-10Dex.
and 12V-10SA. Therefore, the initial sample shape was also concluded as being an

influencing factor.

The stepped plaque shape of 20V-10BT. also helps to explain its lack of an induction
period, as were observed in the other lower loaded samples 12V-10Dex. and 12V-10SA.
Similarly, these lower loaded samples maintained their surface area to volume ratio for a
comparatively longer period than the larger loaded samples, which exhibited the stage IV

'plateauing’ effects to varying extents, (Graph 7.9).

Those samples possessing a comparatively small carbohydrate loading; 12V-10SA., 20V-
10BT. and 20V-10Dex., exhibited larger t;, and tsys than the PHB(FM)IP and
considerably smaller degradations at day 19, 31, 59 and 39% respectively, compared to
73% degradation for the PHB(FM)IP. Samples 12V-30SA., 20V-30Amy. and 20V-
30Dex. possessed degradation values of 72, 70 and 78% at day 19 and these were more
similar to that determined for the fibrous matrix sample. However, the t;, and t for the
PHB(FM)IP, 2 and 11 days respectively, were slightly greater than those for the larger
carbohydrate loaded melt processed samples. It was concluded from chapter 4 that the
initial PHB weight of a sample effected its degradation in the accelerated degradation
model, with the smaller weights exhibiting the faster degradations. It is important to
that the melt processed samples possessed an initially lower PHB

remember, therefore,

weight than the PHB(FM)IP, when this is considered it becomes apparent that the fibrous
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matrix degradation readily exceeded that of the melt processed samples. Since the
PHB(FM)IP was unblended it was concluded that this comparative increase in the
degradation was due to the sample structure, its comparatively larger surface area to

volume ratio and process of degradation.

7.1.3. Conclusions.

The factors influencing the degradation of the melt processed samples in this chapter were
concluded as being;:

1) nature of the carbohydrate

2) loading and distribution of the carbohydrate

3) initial sample shape

4) PHV component loading.

These factors effected the sample degradation by reducing the initial PHB weight and by
increasing the surface area to volume ratio of the partially degraded samples.
Consequently, the main factor influencing the sample degradation was the surface area to
volume ratio, which changed during the course of degradation. In those samples with a
comparatively large carbohydrate loading there was an initial degradation followed by a
stage IV 'plateauing’ effect as the degradation kinetics, degradation resistant matter and
matter compaction limiting factors influenced the degradation profiles. (See chapter 4).
The comparatively lower carbohydrate Joaded samples exhibited an induction stage before
a more gradual degradation due to a sustained comparatively larger surface area to volume
ratio. This induction stage was also dependent upon the initial sample shape and its

fragmentation. Upon termination of the experiment at day 37, the degradation percentages
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for all the melt processed samples were quite similar with a maximum difference of
11.2%. The fibrous matrix sample, by virtue of its comparatively large surface area to

volume ratio, was concluded as degrading more rapidly than the melt processed samples.

7.2, The Degr ion Of The Melt Pr mpl mpared T

The PHB(FM)IP In The Physiological Degr ion_Model

7.2.0 Introduction.

Samples 12V-10SA., 20V-10BT., 12V-10Dex. and 20V-30Dex. as described in section
7.1.0. were degraded in the physiological degradation model, (Chapters 2 & 3).
Degradation was monitored by gravimetric analysis. The degradation profiles obtained
were then compared to that determined for the PHB(FM)IP. Similarly, the profiles were
also compared to the degradation profiles of the same samples determined by Yasin[99] n

a similar physiological degradation model, with the same conditions of pH 7.4 and

temperature 37.5°C.

The experiments in this section were performed in order to compare the degradation
profiles of the melt processed samples and to get an indication as to their suitability as
medical implantation devices. The comparison of these profiles to those obtained by
Yasin, would then permit the comparison of the fibrous matrix samples to the wider range

of injection moulded and melt processed samples investigated by Yasin, by utilizing these

four samples as a reference.
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7.2.1. The degradation Profiles For The Melt Processed Samples
Compared To The PHB(FM)IP.

Graph 7.10 illustrates the degradation profiles for samples 12V-10SA. and PHB(FM)IP
determined by dry and wet weight loss. The dry weight loss degradation profile of 12V-
10SA. exhibited a similar trend to that obtained for the sample in the accelerated
degradation model. There was a rapid degradation from 99.8% at day 1 to 93% at day 56
before the degradation rate decreased and a step stage was observed from approximately
day 90 to day 225 with about 92% of the sample remaining. The initial degradation until
day 56 was due to the penetration of the buffer into the sample and the dissolution of the
sodium alginate, whilst the step stage between days 90 and 225 indicated that there was
little degradation of the P(HB-HV). After day 225 the degradation of the P(HB-HV)
progressed such that at termination of the experiment on day 450, 77.5% of the sample
remained. In comparison, the IP sample exhibited an initial slow degradation period until
approximately day 75 before the degradation rate gradually increased until day 125, when

a linear degradation profile of approximately 0.1 1%dy.”! was determined.

As a result of the sodium alginate dissolution, the degradation of 12V-10SA. was initially
greater than that of the IP sample. However, the fragmentation of the PHB(FM)IP
increased the available surface area to volume ratio to a comparatively greater extent than
the sodium alginate dissolution, so that the degradations of the two samples were equal at
approximately day 152 with 92%. After day 152 the degradation progressed such that at

day 324 there was approximately 73.2 and 85.5% sample remaining for the IP and 12V-

10SA. samples respectively.
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There was little water adsorption into sample 12V-10SA. during the first 50 days of the
experiment. However, as the sodium alginate dissolved, the penetration and absorption of
water by the remaining sample increased to a maximum at around day 185, where
approximately 6.5% of the initial sample weight was adsorbed. As the P(HB-HV)
degraded after the step stage, the amount of adsorbed water proportionately decreased,

such that at days 250 to 350 about 2% adsorption remained.

The degradation profile of sample 20V-10BT. possessed a similar initial induction period
as 12V-10SA. but with a comparatively slower dissolution until day 90. After day 90 the
degradation proceeded very slowly with a linear rate of approximately 0.007%dy."L. This
was most likely a prolonged step stage. The 20V-10BT. degradation profile in the
accelerated degradation model did not reveal such pronounced stages. Similar to the
degradation of sample 12V-10SA., the blending agent dissolution ensured that 20V-
10BT. exhibited an initially greater degradation than the IP sample until day 120, whilst at
day 324 there was approximately 73.2 and 93.8% remaining for the IP and 20V-10BT.

samples respectively, (Graph 7.11).

The wet weight loss profile mirrored the dry weight loss, with a trend similar to sample
12V-10SA. The initial induction period of 20V-10BT. retained a similar amount of water
as the 12V-10SA. sample. The water absorption increased gradually to a maximum of
4.5% at day 250 and then gradually decreased to 1.3% at day 450. The initial dissolution
of the 10% dextran loading in sample 12V-10Dex. was comparatively slower than the
carbohydrates in samples 12V-10SA. and 20V-10BT. Little degradation was observed

between days 1 and 56, after which the dextran gradually dissolved into the degrading
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medium and a gradual increase in the degradation occurred until day 250, when a linear

degradation rate of approximately 0.03%dy.”! was observed.

The degradation of 12V-10SA. was considerably greater than that for 12V-10Dex. despite
both samples possessing the same sample shape and PHV/carbohydrate loading. Thus,
the difference in degradation was due to the carbohydrate nature. Sodium alginate is a
very hydrophilic polysaccharide with a weight average molecular weight of up to
240,000,[100] this blended readily with the P(HB-HV) and as a result of this, upon
dissolution, it greatly increased the surface area to volume ratio and thus the subsequent
sample degradation. In comparison dextran is a branched polymer with a comparatively
larger molecular weight of 500,000.[10” Thus, the dissolution of the dextran was not as
fast compared to the sodium alginate and this affected the subsequent P(HB-HV)
degradation, (Graph 7.12). The comparatively slow dissolution of the dextran ensured
that the degradation of 12V-10Dex. never exceeded that of the IP sample. At day 324, the

termination of the IP experiment, 26.8% degradation had occurred, but only 5.5% for the

12V-10Dex. sample.

Increasing the dextran loading to 30% and the PHV content in the Biopol to 20% had a
marked affect on the degradation profile. The relatively long induction period for 12V-
10Dex. was absent from the degradation profile of 20V-30Dex. A rapid degradation
occurred from day 1 to day 90 before the degradation rate gradually decreased, so that a
slight step stage occurred. After day 225 the degradation rate then gradually increased and

at day 425 approximately 60.5% undegraded sample remained, (Graph 7.13).
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Similar to the 12V-10SA. and 20V-10BT. samples, the induction period for 20V-30Dex.
ensured that a greater degradation than the IP sample was exhibited in the initial stages.
However, this degradation was initially much greater when compared to the IP and other
melt processed samples, but due to the step stage around day 323, the percentages of the

IP and 20V-30Dex. samples remaining were approximately the same, 73.2 and 70.8%

respectively.

The trends exhibited by the wet weight loss profiles for the dextran loaded samples were
generally similar to those illustrated by the 12V-10SA. and 20V-10BT. samples. There
was a gradual increase in the amount of water absorption for sample 12V-10Dex. until a
maximum of 6% at day 150 was observed, before decreasing slightly to approximately
3% by day 450. There was comparatively little water absorption for sample 20V-30Dex.
until day 26, after which the wet weight gradually increased to a maximum at day 180
(11%) and then decreased sharply to 7% at day 223. The water absorption then continued

to gradually decrease to approximately 4% at day 450.

As discussed in section 7.1.3. and chapter 4, the initial PHB weight was reduced for the
melt processed samples compared to the PHB(FM)IP and this serves to emphasize the
somewhat greater degradation of the fibrous matrix sample when compared to the melt
processed ones, as illustrated in graphs 7.10 to 7.13. Therefore, at day 325 the amount of

degradation occurred in the following order:

20v-30Dex. » (1) > 12V-10SA. > 20V-10BT. 2 12V-10Dex.

29.2% 26.8% 15% 6% 5.5%
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7.2.2. Comparison Of The Degradation Profiles From Different
Degradation Models.

Graphs 7.14 to 7.17 illustrate the degradation profiles for the same melt processed
samples from the physiological degradation model used in this thesis and that utilized by
Yasin,[gg] As can be observed there were differences in the degradation profiles from the
two degradation models. In the degradation model utilized by Yasin, the stepped plaques
and circular discs of varying initial weights around 600 to 700mg. were degraded in
sample bottles with 200mls. of pH 7.4 buffer at 37.5°C. This model possessed a
considerably larger buffer volume and sample weight than the model utilized in this thesis.
Similarly, no definition of degradation pertaining to the model was stipulated by Yasin.
Therefore, as discussed in chapter 4, the degradation profiles reported by Yasin were
anticipated to differ from the ones determined here, mainly affected by the comparative
increase in buffer volume and container size, whilst other changes would also occur due
to differences in the classification of degraded and/or undegraded matter and the

subsequent gravimetric analysis.

In the circular disc samples 12V-10SA., 12V-10Dex. and 20V-30Dex. and the stepped
plaque sample 20V-10BT. the profiles determined by Yasin exhibited a comparatively
greater degradation, as was anticipated. However, in all instances these differences
reached a maximum of approximately 7.5% (20V-30Dex.) and in most cases remained
below 5%, which was within a reasonable error range during the experimental time period

of 425 to 450 days, (Graphs 7.14-7.17)
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7.2.3. Conclusions.

It was concluded therefore, that the difference between the physiological degradation
profiles for the melt processed samples, determined in this thesis and those determined by
Yasin, were within a 5% error range. Despite the fact that these melt processed samples
possessed less PHB initially than the PHB(FM)IP, the matrix sample degraded
considerably faster than the melt processed samples. Thus, the comparatively large
surface area to volume ratio of the PHB(FM)IP sample had a comparatively greater

influence on the degradation than blending in these melt processed samples.

Utilizing the degradation profiles for samples 12V-10SA., 20V-10BT., 12V-10Dex. and
20V-30Dex. from the accelerated degradation model, the physiological degradation
profiles could be extrapolated to estimate possible ts, times, (Graph 7.18 & table 7.3). As
can be observed from table 7.3, sample 20V-30Dex. exhibited a t;, of only 45 days,
whilst all the other melt processed samples had t,, values significantly greater than that of
the PHB(FM)IP at approximately 175 days. However, after the dissolution of the
carbohydrates from each sample the degradations were such that the estimated tsqs for the
PHB(FM)IP and the 20V-30Dex. were similar around 575 days, whilst the other melt

processed samples had considerably greater ts.
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7.3.  General Conclusions,

This chapter has investigated the degradation of a number of melt processed samples in
the accelerated and physiological degradation models and compared them to the
degradation profiles determined for the PHB(FM)IP. There was a good correlation
between the undegraded and degraded fractions of sample 12V-10SA. and once again,

this confirmed the experimental accuracy of using monomer analysis.

The degradation profiles determined for those samples with a comparatively large
carbohydrate loading were characterized by an initial rapid degradation followed by a
stage IV 'plateauing effect’, this was due to the limiting factors of degradation kinetics,
degradation resistant matter and settlement/compaction as discussed in chapter 4. In
contrast, the low carbohydrate loaded samples exhibited an induction stage due to the
penetration of the buffer into the sample and the dissolution of the carbohydrate, this was
then followed by a more gradual degradation. The extent of this induction stage was

dependent upon the initial sample shape and its fragmentation.

The degradation profiles determined from the physiological degradation model were
consistent with those determined from the accelerated. The degradation of PHB(FM)IP
exceeded those of the melt processed samples, except in the initial stages and this was due

to the carbohydrate dissolution, only sample 20V-30Dex. exhibited a similar degree of

degradation.

It was concluded that the nature, distribution and loading of the carbohydrates and PHV
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component within the melt processed samples and the initial sample shape affected the
sample degradation. These effects were mainly upon the surface area to volume ratio of
the sample and the initial PHB weight. It was concluded therefore, that the surface area to
volume ratio was of paramount consideration in the alteration of the degradation profile of
a sample. The fibrous matrix sample, by virtue of its comparatively larger surface area to
volume ratio, exhibited an overall faster degradation than that of the melt processed
samples. This was highlighted in the degradation of the samples in the physiological
degradation model. Finally, it was determined that the degradation of the fibrous matrix
sample in the physiological degradation model could be compared to the greater variety of

: . . 199
melt processed samples as investigated by Yasin.

Thus, the structure, degradation, and factors affecting the degradation of the various
fibrous matrix and melt processed samples have been investigated in this thesis from
chapters 3 to 7. In chapter 8 there is a general discussion of the conclusions from these

chapters and suggestions for further work.
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Chapter Eight.

Concluding Discussion And
Suggestions For Further Work.
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8.1.  Concluding Discussion,

8.1.0. Introduction.

The aim of this work was to investigate the in vitro degradation of a new and novel gel-
spun, fibrous form of PHB, and to alter its degradation times to those considered more
favourable for its intended use as a wound scaffolding device. The work in this thesis

involved three aspects:

() The investigation of the novel fibrous form, its structure and physical properties
and the effects on these of altering the production process, blending with various
polysaccharides and copolymerizing with poly(B-hydroxyvalerate), PHV. These
investigations were neccessary in that, a) This was the first study of the novel fibrous
form, later named PHB fibrous matrix, PHB(FM) as a result of these investigations. No
other investigations had previously been carried out. b) The results would provide an
indication as to the suitability and potential of the PHB(FM) for a role as a wound
scaffolding device. c¢) The results were to be used as a baseline for the comparison with

the partially degraded PHB(FM) samples.

2) The development of an accelerated and physiological degradation model. The
investigations of the gel-spun PHB(FM) revealed its relatively complex structure
compared to other more convential PHB based samples, eg; melt processed discs and
plaques. As a result of its rather unique and complex structure which combined a large
volume with low mass and readily altered during, and as part of, the degradation process,

the accurate quantitative degradation of the PHB(FM) was difficult to monitor. The
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degradation monitoring techniques previously utilized for the more convential PHB based
forms were unsatisfactory for this novel form. Therefore, a new method of monitoring the
degradation had to be developed. This involved the determination of the monomer (HBA)
concentration during degradation and using this to monitor both the degraded and
undegraded fractions of the sample during degradation and the monitoring of both the

sample and the PHB degradation.

3) Utilizing the initial studies of the PHB(FM) from (1) as a baseline for
comparison and the developed degradation models from (2), the degradation of the
PHB(FM) was investigated. The changes in the degradation rates of this novel form due
to blending and copolymerizing the s.ample and by altering its processing were
investigated utilizing the accelerated degradation model. The results obtained were then
compared to those determined for the samples in a physiological degradation model.
Thus, providing a more accurate indication as to the potential biodegradation of the

samples as implantation devices.
The results of these three aspects are discussed in detail in sections 8.1.1t08.1.3.

8.1.1. The Structure And Physical Properties Of The PHB(FM).

The PHB(FM) produced from technical grade polymer, PHB(FM)TG, consisted of
hollow and porous fibres of varying, non-uniform diameters which agglutinated and
branched to form a complex fibrous mass. Terminal bulbous regions were also observed
at some fibre ends. The fibres possessed a main distribution of diameters (60%) between

0 and 5 microns with the majority at two peaks of 1-2 and 4-5um., whilst a small
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percentage of those fibres counted had diameters greater than 15 microns and up to a

maximum of approximately 72um.

It was determined that increasing the PHB purity, PHB(FM)IP, had apparently little effect
on the matrix structure and only slightly increased the crystallinity and the various
parameters calculated from the differential scanning calorimetry investigations; melting
points, fusion enthalpies and glass transition temperatures. Altering the production solvent
had a more noticeable effect on the matrix structure with a proportion of the fibres
produced from methylene chloride extraction exhibiting a more heavily pitted and porous
nature compared to those from the chloroform extraction, whilst those fibres produced

from a 50/50 solvent mixture were comparatively smooth.

Blending the PHB(FM)IP with various polysaccharides produced noticeable differences
in the fibre diameter distributions and physical properties when compared to the
homopolymer matrix. The extent of these changes were dependent upon the nature and
loading of the polysaccharide, generally, increasing the loading increased the diameters,
however. the reverse effect was noticed for those samples blended with sodium alginate
(SA-7. and SA-30.). Increasing the loading of low molecular weight pectin increased the
number of large fibres with diameters greater than 15 microns, whilst the remaining
diameter range was also shifted to the larger diameters. Blending was determined to be
inefficient, with sample L.Pec.25.S. apparently possessing a lower load of pectin of a
comparatively greater molecular weight than its counterpart L.Pec.25.E. Blending the
PHB(FM)IP with high molecular weight pectin, H.Pec.10., produced a shift in the fibre

diameter distribution towards the smaller diameters. The melting points, fusion enthalpies,

-101-



glass transition temperatures and crystallinities of the co-blends were generally lower than
that of the homopolymer sample. Copolymerizing with 5% poly(B-hydroxyvalerate),
PHV, produced similar effects to the blending. It was also observed that blending and

copolymerizing apparently reduced the initial matrix strength.

The unusual, complex structure of the PHB fibrous matrix possessed a large surface area
to volume ratio and this facilitated its degradation. Changes in the porosity and fibre
diameter distributions due to blending, copolymerizing and alterations in the production
process affected the surface area to volume ratio of the matrices and thus, their

degradation.

8.1.2. The Development Of The Accelerated And Physiological
Degradation Models.
Preliminary studies concluded that the degradation of the PHB(FM) favoured increasing
. . . 149510 L
temperature and pH, this was anticipated from published studles,[ ] Similarly, the
degradation of PHB under physiological conditions of pH 7.4 and temperature 37.5°C. is
. . [47-49] .
known to take a relatively long time, thus, an accelerated degradation model of pH
10.6 and temperature of 70°C. was utilized in conjunction with the physiological in order

to provide a clearer indication of the samples biodegradation within the body system.

An experimental procedure that takes into account the intrinsic problems presented by the
novel structure of the PHB(FM) was devised and is summarised in figure 2.1. This
experimental pathway was then implemented for all the samples investigated. The use of
monomer measurement as a means of monitoring the PHB degradation was concluded as

being accurate in the accelerated degradation model for a period of 14 days. However, the
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method was found to be unsuitable in the physiological degradation model.

The effects of initial sample weight and agitation in the model were also investigated and

from these experiments it was concluded that the degradation models should incorporate

the following factors:
a) 20mls of buffer.
b) An initial sample weight of 305mg. £1.6%.

¢) Minimum agitation of the samples.

It was also concluded from these experiments that the degradation model affected the
sample degradation in that it altered the available surface area to volume ratio of the
samples during degradation. Therefore, the degradation profiles determined were a

function of the sample degradation within the degradation model.

The degradation profiles confirmed that the experimental accuracy of measuring the
undegraded (gravimetry) and degraded fractions (monomer + degraded particulate

analysis) of the matrix during its degradation was within +2%.

8.1.3. Degradation Of The PHB Fibrous Matrix, PHB(FM).

The monomer analysis degradation profile of the technical grade polymer, PHB(FM)TG,
in the accelerated degradation model was characterized by a number of stages; there was
an initial induction phase, stage 0, until approximately 6 hours with little degradation
observed. This was due to the collapse to particulate matter of a proportion of the

structurally weaker fibres in the diameter range 0-1um., the particulate matter continued to
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fragment and this led to the stage I degradation which occurred until around day 7
degradation. Between days 7 and 9 there was a 'step' stage (II) with little degradation
observed, this was due to fragmentation of the remaining matrix to fibre fragments and
particulate matter and was not observed in the gravimetric analysis profile. Degradation to
monomer progressed in stage 11l between days 9 and 18, after 18 days degradation the
'terminal step' stage IV began with little or no further degradation exhibited. The sample
degradation, particularly at stage IV, was determined as being affected by the following
'limiting factors":

a) The kinetics of the experiment.

b) Matter settlement and compaction (a reduction in the surface area to volume ratio).

¢) Degradation resistant matter (impurities and highly crystalline PHB).

A number of small and large 'unstable' fibres were observed in the approximate diameter
ranges 0-2 and 15+um. respectively, their structural weaknesses were due to handling and
manufacturing stresses and as a result of production, mainly bacterial impurities.
Degradation occurred by hydrolytic action which randomly cleaved the ester linkages,
initially weakening the fibres and eventually leading to their physical collapse to fibre

fragments and progressively to the monomer. (See Figs. 4.1,4.7 & 4.3).

The matrix degradation was characterized by a gradual decrease in the melting point with
little change during the stage IV time period, whilst the fusion enthalpy and crystallinity
increased to a peak after approximately 7 days degradation and then decreased. Thus,
there was an initial degradation of the mainly amorphous regions followed by the

crystalline. These rends were generally consistent to those observed for the increased
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purity polymer sample PHB(FM)IP. However, in this case the melting point changes
were not as great initially, with a more gradual decrease, whilst the enthalpy/crystallinity

peak occurred earlier after 4 days degradation.

Purifying the PHB removed some of the impurities, solvent residue and amorphous
regions of the PHB(FM)IP. This increased the matrix stability when compared to the
technical grade matrix; PHB(FM)TG, so that no step stage II was observed and a gradual
collapse and degradation of the PHB(FM)IP was observed. This then ensured a greater
overall degradation when compared to the PHB(FM)TG. The affects of altering the
production solvent on the PHB(FM)IP degradation was also investigated. Degradation
was facilitated by the heavily porous nature of those fibres extracted from the methylene
chloride solvent, such that the degradation exceeded that of the PHB(FM) from the
chloroform. However, the degradation of those fibres extracted from the 50/50 solvent

mixture exceeded that of both the other matrices.

It was concluded that the degradation profile of PHB(FM)IP could be altered by blending
the matrix with various polysaccharides, the subsequent profiles were dependent upon the
polysaccharide nature and loading. Generally, the co-blend degradation exhibited a
noticeable step stage 11, whilst increasing the polysaccharide Joading facilitated the matrix
collapse so that the terminal step stage IV was influenced by the settlement/compaction
limiting factor to a comparatively greater extent than in the lower loaded samples and, as a
result of this, the stage IV was more sudden. Similar to the homopolymer degradation,
there was a good correlation between the profiles of the degraded and undegraded

fractions, confirming the experimental accuracy.
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Blending the PHB(FM)IP with pectin facilitated the matrix and PHB degradation. The
blending was non-homogenous. The pectin degraded within the first day in the accelerated
degradation model causing the formation of readily noticeable 'pectin cavities'. These
cavities increased the surface area to volume ratio and decreased the stability of the
remaining PHB matrix, so that the characteristic two step degradation profile was

observed.

Increasing the pectin loading facilitated the matrix collapse by the introduction of
mechanical stresses after the pectin degradation. The blending efficiency was reduced in
the higher pectin loadings, so that the sample from the start of the manufacturing run was
blended with a lower loading of comparatively higher molecular weight pectin than the
sample from the end of the run (L.Pec.25.S. & L.Pec.25.E.). Pectin was also lost in the
production process. The blending weakened the small and large diameter fibres (<6 &
>15um.), whilst increasing the pectin loading increased the number of large diameter
fibres and shifted the diameter distribution towards the larger diameter ranges. As aresult
of this, in samples L.Pec.9. and L.Pec.15. there was an initial fragmentation of the small
and large diameter fibres, in L.Pec.25.5. a proportion of the medium sized fibres initially
fragmented prior to the small and large, whilst for the L.Pec.25.E. sample a
comparatively greater proportion of the medium diameter fibres fragmented more readily,

closely followed by the larger ones.

The increase in the PHB degradation for the co-blends compared to the PHB(FM)IP was

greater than could be justified by the reductions in the initial PHB weights and favoured

the lower loaded sample L.Pec.9.
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The changes in melting point of sample L.Pec.9. during degradation were characterized
by an initial decrease and a 'step’ stage around days 1 to 3, which was due to a reduction
in the pectin component. After 3 days degradation the melting point decreased
considerably before levelling off around day 14. This trend was also exhibited by the
other pectin co-blends, but with less noticeable step stages. Similarly, the fusion enthalpy
changes exhibited a characteristic double peak. The primary peak occurred within the first
day and was due to the pectin dissolution, the secondary peak was due to the PHB
degradation, (See Graph 5.59). The position of this secondary peak varied according to
the extent of the PHB degradation and was at days 4/5 for samples L.Pec.9., L.Pec.15.
and L.Pec.25.S. and days 7/8 for sample L.Pec.25.E. In all cases there was a gradual
decrease in the glass transition temperatures, which were readily noticeable compared to

the homopolymer matrix.

The higher molecular weight pectin blended more homogeneously with the PHB
(H.Pec.10.) and this increased the long term matrix stability whilst maintaining a
comparatively high surface area to volume ratio, this stability subsequently reduced the
effects of compaction so that the sample and PHB degradation was greater than its low
molecular weight counterpart. The melting point change for sample H.Pec.10. was similar
to that observed for L.Pec.9. with a noticeable step stage, however, the H.Pec.10. fusion
enthalpy change exhibited an initial sharp rise within the first day followed by a gradual
linear increase. This initial rise was most likely due to the degradation of those readily
available amorphous regions (primary amorphous regions) which probably comprised a

considerable proportion of pectin.
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Copolymerizing the PHB with 5% PHYV also affected the parameters calculated from the
DSC, there was an initial sharp decrease in the glass transition temperature and then a
more gradual change, whilst the fusion enthalpy change exhibited a single peak. The DSC
traces illustrated the gradual formation of a broad peak covering a comparatively large

temperature range, indicating that the degradation was not uniform for the whole sample.

The copolymerized sample PHB/5V exhibited a similar PHB degradation profile to the co-
blends, but with a reduced stage III degradation, this was due to the comparatively
degradation resistant PHV. Similarly, the surface area to volume ratio of the fibres was
reduced when compared to the co-blend fibres which possessed 'pectin cavities'. As a
result of this, the PHB/5V sample degraded less than the co-blended and the

homopolymer samples.

Therefore, it was concluded that the matrix and PHB degradation could be altered by
blending and copolymerizing, the former of which increased the matrix and PHB
degradation due to the changes in the surface area to volume ratio and stability which also
affected the ratio during degradation, whilst the copolymerizing reduced the degradation
due to a reduction in the ratio. Thus, the degradation of the PHB(FM) could be adjusted to
provide various degradation profiles as may be suited for a particular medical implantation

device or wound location.
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1

The 'floating' matrix at the beginning of the experiment.
Buoyancy was due to trapped air in the matrix and the
bubbles in with the hollow fibres and cavities. Some
fibre fragments and particulate matter were present due
to manufacture and handling.

Gt There was penetration of the buffer medium into the
@ e o fibres.

(This was the degradation stage 0.)

2

During the initial stage I on the monomer profile, there was a
number of fibres which readily collapsed into fibre fragments
and particulate matter, the rate of degradation of these was
limited according to their situation:
(2) A proportion was trapped by the remaining matrix at
2 region A, due to support by the matrix and possible
: bubbles contained within the fibre fragment.

(b) Fibre fragments/particulate matter degraded whilst
falling to the base of the phial at region B.

(c) The matter collapsed at region C and degradation
was reduced due to a comparative reduction in the
surface area to volume ratio as a result of
compaction.

Degradation occurred from the remaining matrix and
proportionately more so from the fibre fragments and
particulate matter.

(This was the degradation stage L)

Figur 1A
Diasrammatic Representation Of Matrix Degradation,
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Figure 8.1B.

3

There was degradation to monomer of most of the particulate
matter from the initial 'unstable’ fibres at stage I, so that at
stage I little degradation to monomer was monitored.

There was fragmentation at the structural weaknesses due to
stresses and erosion of the secondary amorphous regions,
accompanied by the release of the bubbles, this facilitated the
collapse of the remaining matrix at region B/C. The more
readily collapsed fibre fragments and some of the large
particulate matter formed a comparatively dense layer at the
phial base C.

This collapse increased the surface area to volume ratio and
released relatively large quantities of particulate and degraded
particulate matter. Fragmentation and fracturing continued
throughout the matrix.

(This was The degradation step stage 11)

[

The comparatively large amounts of fibre fragments and
particulate matter from stage II continued to degrade and
this led to the relatively large degradation rates monitored at
stage I1I. The continued collapse increased the dense layer
at C due to matter settlement.

(This was the degradation stage 111.)

4

Compaction of the particulate matter with the remaining
fibre fragments formed a relatively dense layer at region C,
this reduced the surface area to volume ratio. The ratio
decrease in combination with the degradation kinetics and
the presence of degradation resistant material also reduced
the degradation rate. Agitation of the sample increased this
rate.

@is was the terminal step stage IQ

Dirmmianin f Matrix Degr ion
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1 A ||A ] The Degradation OFf PHB(FM)IP,

The degradation of the PHB(FM)IP generally followed
the diagrammatic representation in figure 8.1. No stage
IV IT or Il was observed. The stage IV 'plateauing’ effect
was due to limiting factors. The matrix collapsed
gradually throughout the course of the degradation.

PHB(FM)IP
)
0=1 B
1= 2| Relati .
i elation Of Degradation
m=3 Stages To Diagrammatic
n Representation Of Matrix
1 Collapse. PHB(EM)IP
IV = 4
.
B | The Degr ion Of Th -blen mpl

The degradation proceeded as illustrated by the diagrammatic representation in figure 8.1.

Blending of the PHB(FM)IP reduced the initial weight of PHB present and increased the initial
stability of the matrix at the degradation stage I so that the degradation rate was less than that of
the PHB(FM)IP.

The gradual erosion of the co-blend cavities increased the surface area to volume ratio and caused
structural weaknesses within the fibres, this then facilitated the comparatively sudden collapse of
the matrix with the release of particulate matter. This was observed as the noticeable step stage II.
The continued degradation of the particulate matter and the semi-fibrous pieces produced the

stage IIL.

—
N \ High Muwts )
% Loading. The blending was more
The degradation stages were homogeneous and this maintained
dependent upon the proportionate a greater surface area to volume
amount of fibres collapsing. The ratiofor a longer duration. This
degradation rate and duration at facilitated the degradation by a
stage 11 was dependent upon the comparatively greater
Lextent of the collapse. - fragmentation .
\ —J
Low Loadings. High Loadings.
The collapse at stage III occurred The collapse at stage III was
comparatively suddenly. A greater than the lower loadings due
proportion of the fibre fragments to increased cavities. The smaller
gradually settled and compacted. fibre fragments settled suddenly
Therefore a gradual stage IV was __,J and therefore a sudden stage IV
exhibited. was observed. The degradation of
) the PHB appeared greater due to
Figure 8.2A the initial lack of PHB present.

mar f Degr ion_Pr

-111-




L. €
\\
.
S
N [
“m

\.

~

N W\ X

\ '
]
R v
N
: ' -
B “1(PHB/5V,
B
£y e € | PHB(FM)IP
~
N
~
~
~
N
B + | L.Pec9.
S
C The Degr ion Of Th lymeriz mpl

Stage I degradation was similar to the PHB(FM)IP. The collapse of a
proportion of the fibres was not as great as the PHB(FM)IP sample and
thus, a gradual degradation between stage I and the step stage 1T occurred.

Stage II was similar to the co-blended samples with a greater stability due to
the copolymer presence. The degradation of the PHB caused the gradual
weakening of the fibres.

The fibres fragmented at the structurally weak points and the matrix
subsequently collapsed. Relatively small amounts of particulate matter were
produced compared to the co-blended samples. Fragmentation occurred to a
greater extent than in the PHB(FM)IP such that smaller fibre fragments
compared to the homopolymer were present. These then facilitated the
compaction of the collapsed mass and subsequently reduced the surface area
to volume ratio.

As a result of the compaction a short stage III degradation rate occurred
and was primarly due to the degradation of the particulate matter.

Fragmentation and compaction was not as great as for the larger
co-blend loadings but greater than the PHB(FM)IP, therefore, a less
gradual stage IV compared to the PHB(FM)IP occurred.

The copolymer was comparatively degradation resistant.

[ Degradation of the PHB in the samples was )
therefore concluded to occur in the following
order:

Co-blend > Homopolymer > Copolymerized
Samples.
4 _
Figure 8.2B,

Summary Of Degradation Process.
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The degradation of the PHB(FM)IP and the effects of blending and copolymerizing are
briefly summarized in figures 8.1 and 8.2. The degradation of the co-blended and
copolymerized samples in the accelerated degradation model were then related to the

degradation of the same samples in the physiological degradation model.

The degradation of the blended and unblended PHB(FM)IP in the physiological
degradation model was similar to the degradation in the accelerated model, however, the
degradation stages were more prolonged and pronounced. There was a noticeable
induction stage 0 lasting until around days 50 to 60 for the PHB(FM)IP degradation,
during this time the buffer gradually penetrated the fibres and began to degrade the
primary amorphous regions, this then led to the collapse of the weakened fibres; stage L.
At stage [ there was a gradual increase in the degradation rate until around day 125 where
a linear rate of approximately O.ll%dy.'l was calculated. Similarly, the stage I in the
accelerated degradation model exhibited a linear degradation rate of approximately
0.65%dy."!. Thus, the degradation profiles were comparable, (See Fig. 6.1). The
degradation profiles for the co-blends were similar to that determined for the
homopolymer. However, in these cases, initial weight losses followed by less noticeable

induction stages were observed, this was due to the gradual degradation of the pectin.

The relatively more noticeable stages in the physiological degradation profiles helped to
clarify the nature of the PHB(FM) degradation. The limiting factor of settlement and
compaction apparently exhibited more influence on the sample degradation in the

accelerated degradation model than the physiological and these were reflected in the

degradation profiles obtained.

-113-




The phase contrast and scanning electron microscopy observations were consistent with
the degradation process as determined from the accelerated degradation model and from
the conclusions drawn from the physiological degradation profiles in chapter 6. Similarly,
the fibre diameter distributions also confirmed those conclusions from the accelerated
degradation studies, with fragmentation first occurring in the small diameter fibres
followed by the large sized ones, and the diameter distribution gradually shifting to the

larger diameter ranges.

There was little change in the melting points of the partially degraded samples during an
induction period lasting until around days 50 to 75. After 75 days degradation, a gradual
decrease was observed, so that at day 324, when the experiment was terminated, the
PHB(EM)IP exhibited an overall decrease of approximately 6 +2°C., compared to a
decrease of around 12 £2°C. In contrast to the fusion enthalpy change profiles determined
from the accelerated degradation model, the fusion enthalpy changes for samples from the
physiological degradation model showed no induction stage but gradually increased to a
single peak which was attained more quickly for those samples with comparatively low

pectin loadings, L Pec.9. and L.Pec.25.S. Thus, the amorphous regions of the sample

were initially degraded.

Table 8.1 compares the degradation of the samples from the accelerated and physiological
degradation models by illustrating the times for 10 and 50% degradation, t;, and tsg
respectively. However, this does not provide as complete a picture as the degradation

profiles discussed in chapters 3 to 7.
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Fibrous Matrix Samples.

Melt

(S.amplc;

Lo (pays)

PHB(FM)TG
PHB(FM)IP
Glu-42. |
Suc-42.
SCC-9.
SA-30.
SA-T7.
L.Pec.9.
L.Pec.15.
L.Pec.25.S.
L.Pec.25.E.

H.Pec.10. |

L.Pec.9.
L.Pec.15.
L.Pec.25.S.
L.Pec.25.E.

)

I

(PHB Component

(Sarrllple)

H.Pec.10. |

PHB(FM)IP
L.Pec.9.
L.Pec.15.
L.Pec.25.S.
L.Pec.25.E.

Processed Samples.

12V-10SA.
12V-30SA.
20V-10BT.
20V-30Amy.
12V-10Dex.
20V-30Dex.

20V-30Dex.
12V-10SA.
12V-10Dex.
20V-10BT.

Table 8.1,
Times For 10 An 4 (
Of Samples Studied In This Thesis.

0.6 (14 hours)
2
2

0.3 (7 hours)
1

W W W LW NN

0.3 (8 hours)
0.1 (2 hours)
1

0.1 (2 hours)
0.3 (7 hours)

175
83
30

215
11

0.5
0.5

5.5

45
255
255
[775]

[ ] Estimated From
I'S—QJ Extrapolation Of
Degradation Profiles.
8
11
16
(53]
14
19
14
17 Accelerated
15.5 .
s Degradatiom
M l.
16 ode
16
12.5
[10]
[10]
[8]
[10]
[580]
334 Physiological
325 Degradation
[357] Model.
307
6.5
4.5 Accelerated
12'5 Degradation
” Model.
21.5
[570] Physiological
[750] .
Degradation
[1200] Model
[1630] paet
o_Degr ion
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Therefore, it was concluded that the degradation of the fibrous matrix samples in the
accelerated degradation model provided an accurate indication as to the degradation of the
same samples in the physiological degradation model and thus, a clearer picture as to their

potential for biodegradation within the body system.

The degradation profiles of the PHB(FM)IP obtained from the accelerated and
physiological degradation models were compared to the degradation profiles of a number
of melt processed PHB based samples from the same models. This was done to confirm
the importance of the surface area to volume ratio of the sample in determining its
degradation. The comparison of these profiles also gave an indication as to the suitability

of these melt processed samples as medical implantation devices.

Degradation profiles of the copolymerized melt processed samples blended with various
carbohydrates were determined from the physiological degradation model and these were
consistent with those determined from the accelerated degradation model. The degradation
of PHB(FM)IP exceeded those of the melt processed samples, except in the initial stages
and this was due to the carbohydrate dissolution, only sample 20V-30Dex. exhibited a
similar degree of degradation. Table 8.1 compares the t,, and tgy's of these samples. It
was concluded that the nature, distribution and loading of the carbohydrates and PHV
component within the melt processed samples and the initial sample shape affected the
sample degradation. These effects were mainly upon the surface area to volume ratio of

the sample and the initial PHB component.

It was concluded therefore, that the surface area to volume ratio was a paramount
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consideration in the alteration of a degradation profile of a sample. The fibrous matrix
sample, by virtue of its comparatively larger surface area to volume ratio, exhibited an
overall faster degradation than that of the melt processed samples. This was highlighted in
the degradation of the samples in the physiological degradation model. It was determined
that the degradation of the fibrous matrix sample in the physiological degradation model
could be compared to the greater variety of melt processed samples as investigated by

. [99
Yasm.[ ]

The point of classification of degraded and undegraded material in this thesis was taken at
the size of 3um. Thus, any partially degraded material above 3um. in size was considered
as undegraded or partially degraded, whilst matter below this size was measured as
degraded. This classification between the degraded and undegraded material in this thesis
is neglected in a wide majority of papers and this complicates their comparisons, since no
such point is stipulated. Similarly, as investigated and discussed in this thesis, the
degradation model plays an important role in affecting a samples degradation and thus,

such differences also complicate comparisons.

Consequently, such a definition of degradation, stipulating the point of which degradation

is monitored would go some way to clarifying other degradation results and pave the way

2

. .. [102
towards some form of standardization (possibly as suggested by Sw1ft[ ] and Mayer et

al .[103]), which is desperately needed to expand the knowledge of biodegradation without

confusion.

47 . . .
Originally work by Miller and williams™” claimed that little degradation of PHB occurred
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under in vitro conditions of pH 7.2 and temperature 37°C. Subsequent work by Holland
et al.[49’51] proved that PHB did indeed degrade under such physiological conditions.
The work in this thesis has confirmed this and proved that the material factors such as
processing, sample size and shape affect the degradation of the PHB, with a major factor

being the surface area to volume ratio of a sample, both initially and during its

degradation.

The work in this thesis has investigated the structure and physical properties of a
previously unstudied novel gel-spun fibrous form of PHB. A unique accelerated
degradation model which incorporates monomer analysis, was developed to monitor the
undegraded and degraded fractions of the PHB(FM) and this model was utilized to
investigate the degradation of various PHB fibrous matrix samples. Further information
was obtained by the degradation of the matrices under physiological conditions and the

comparisons with the melt processed samples.

Thus, it is envisaged that the work in this thesis will eventually lead to the production of
biodegradable, biocompatible PHB fibrous matrix wound scaffolding devices,

individually 'tailored' to suit a variety of wound types and to fulfill a neglected niche in

the medical field.
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8.2, ions For Further rk

As already stated, the work in this thesis involves the first study of this new and novel
fibrous form of poly(B-hydroxybutyrate) fibrous matrix, PHB(FM). During these
. . . [80] o

investigations work by Davies,  also of the Speciality Materials Research Group, has
briefly studied cellular attachments to the undegraded homopolymer matrix samples. This
work should continue to include co-blended and copolymerized samples and partially

degraded samples.

The limiting factors of matter settlement/compaction was a function of the degradation
model, removing this factor by agitating the samples was responsible for a further 11%
degradation of the PHB(FM)IP sample in the accelerated degradation model. This limiting
factor has already been concluded as playing an important role in determining a samples
degradation, the effects of this factor should therefore be removed in subsequent

degradation experiments by the use of an agitating waterbath.

Studies in this thesis have also shown that alterations to the processing can substantially
facilitate the PHB and sample degradation. Further research into the effects of processing
modification, such as temperature and spinning sp<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>