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ABSTRACT 

Poly(caprolactone) and 95/5 Poly(L-lactide-co-glycolide) (PLG), were 

assessed alone and with 25 vol% of either calcium carbonate (PCLC/PLGC), 

hydroxylapatite (PCLH/PLGH), 45S5 Bioglass® (PCL4B/PLG4B), or ICIE4 bioactive 

glass (PCLIB/PLGIB). Processing caused molecular weight loss whereby final Mw; 

PLG4B<<PLGIB<<PLGH<PLGC<<PLG. Composite compressive, tensile and 

storage moduli (except PLG4B) were 1.6-2.4 times greater than PLG alone, PLG 

compressive strength was unaffected by the fillers (91-93 MPa, except PLG4B) and 

tensile strength was reduced by 22-45 % (except PLG4B). Composites experienced 

an increased rate of water uptake in simulated body fluid, especially PLG4B and 

PLGIB, and mechanical properties reduced below PLG after <3 weeks immersion. At 

12 weeks, composite compressive modulus (0.8-1.0 GPa, except PLG4B) was in the 

range of, and strength (26-34 MPa, except PLG4B and PLGIB) superior to, that of 

trabecular bone. Results suggested that loss of mechanical properties was primarily 

due to water ingress, especially for the bioactive glass fillers. MG63 cell attachment, 

proliferation, alkaline phosphatase and osteocalcin expression indicated the presence 

of an osteoblastic phenotype with PLGC having the most positive response. Results 

indicated that PLGC was most suitable for use as a bioresorbable bone substitute 

material, PLGH also showed potential. The bioactive glass fillers appeared to cause 

degradation in processing, and rapid water uptake and loss of structural integrity on 

immersion. 

After selective laser sintering process optimisation, porous PLG-20 vol% 

CAMCERAM® II scaffolds had compressive Young's modulus, yield strength and 

strain (1 % strain offset) of 0.13 (s.d.=0.03) GPa, 12.06 (s.d.=2.53) MPa, and 11.39 

(s.d.=2.60) %; similar to trabecular bone. Molecular weight reduced by 9-12 %, 

porosity was 46.5 (s.d.=1.39) %. A rephca anatomical model and block with 

designed porosity were fabricated to illustrate the process capabilities. Results 

suggested that the scaffolds could be further developed for use in vivo as part of a 

load-bearing construct. 
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Typical tensile stress-strain curves for PCL and composites, (a) 151 
highlights events at low strain, (b) shows failure at higher strains. 
Black == PCL, pink = PCLC, blue = PCLH, green = PCL4B, orange = 
PCLIB. 
Maximum tensile stress at yield (dark grey) and tensile stress at break 152 
(light grey) for PCL and composites. Mean + s.d. n > 13. 
SEM micrographs of the failure surfaces of tensile PCL and composite 153 
specimens, tested at ambient temperature, (a, b) PCL, (c-e) PCLC, (f-
h) PCLH, (i-k) PCL4B, (1-n) PCLIB. Scale bar: left images 900 fivn, 
centre images 300 ptm, right images 25 jum. 
Storage modulus and tan delta for PCL and composites. Mean (for 154 
each temperature recorded) + 1 s.d. (calculated for 25, 35, 45 and 37 
°C). n = 3. Storage modulus = thick line, tan delta = thin line. Black = 
PCL, pink = PCLC, blue = PCLH, green = PCL4B, orange = PCLIB. 
PLG compression specimens. Left to right: PLG, PLGC, PLGH, 155 
PLG4B, PLGIB. 
Theoretical (dark grey) and measured (pale grey) density of 156 
compression test specimens of PLG and composites, error bars = s.d. 
(** P < 0.0001, * P < 0.005). n = 47. 
Typical stress-strain graphs for PLG and composites. Black = PLG, 156 
pink = PLGC, blue = PLGH, green = PLG4B, orange = PLGIB. 
Compressive Young's modulus values for PLG and composites. Mean 157 
+ s.d. n > 10. 
Compressive yield stress (0.1 % strain offset) (pale grey) and strain at 157 
this stress (dark grey) for PLG and composites. Mean + s.d. n > 10. 
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Figure 8.16: Maximum compressive stress (pale grey) and strain at this stress (dark 157 
grey) for PLG and composites. Mean + s.d. n > 10. 

Figure 8,17: PLG tensile specimens. Left to right: PLG, PLGC, PLGH, PLG4B, 158 
PLGIB. 

Figure 8.18: Typical tensile stress-strain graph for PLG and composites. Black = 159 
PLG, pink = PLGC, blue = PLGH, orange = PLGIB. 

Figure 8.19: Tensile Young's modulus for PLG and composites. Mean + s.d. n > 159 
12. 

Figure 8.20: Maximum tensile stress (dark grey) and strain at that stress (light grey) 160 
for PLG and composites. Mean + s.d. n > 1 2 . 

Figure 8.21: Tensile stress at break (dark grey) and strain at that stress (light grey) 160 
for PLG and composites. Mean + s.d. n > 12. 

Figure 8.22: Comparison of compressive (dark grey) and tensile (Hght grey) 161 
Young's modulus for PLG and composites. Mean + s.d. n > 10. 

Figure 8.23: Comparison of compressive (solid) and tensile (dots) maximum stress 162 
(pale grey) and strain at that stress (dark grey) for PLG and 
composites. Mean + s.d. n > 10. 

Figure 8.24: SEM micrographs of the failure surfaces of tensile PLG and composite 163 
specimens, tested at ambient temperature, (a, b) PLG, (c-e) PLGC, (f-
h) PLGH, (i-k) PLG4B, (1-n) PLGIB. Scale bar: left images 900 fim, 
centre images 150 fim, right images 30 jxm. 

Figure 8.25: DMA samples. Left to right: PLG, PLGC, PLGH, PLG4B, PLGIB, 164 
PLG (thin). 

Figure 8.26: Storage modulus (thick lines) and tan delta (thin lines) for PLG and 165 
composites. Mean (for each temperature recorded) + 1 s.d. (calculated 
for 25, 35, 45, 55 and 37 "C). n = 3. PLG = black, PLGC = pink, 
PLGH = blue, PLG4B = green, PLGIB = orange. 

Figure 8.27: (a) Relative* storage modulus and (b) relative* tan delta for PLG 165 
composites. * relative to PLG. Mean + 1 s.d. n = 3. Pink • = PLGC, 
blue A = PLGH, green x = PLG4B, orange o = PLGIB. 

Figure 9.1: (a) Percent weight increase over time in SBF. n = 5, except PLG4B (n 175 
= 4 at 3 and 7 days, and 2 thereafter) and PLGIB (n = 3 at 14 and 21 
days), (b) Percent increase in specimen width over time in SBF. n = 5 
(an average of three measurements along the width per specimen), 
except PLG4B (n = 4 at 1 day, 3 at 3 days and 2 thereafter) and PLGIB 
(n = 3 at 14 and 21 days). Mean + 1 s.d. Black 0 = PLG, pink • = 
PLGC, blue A = PLGH, green X = PLG4B, orange o = PLGIB. 

Figure 9.2: The difference between measured thickness and DMA machine probe 176 
height, indicating the degree of specimen warping. Individual 
specimens, measured height is an average of three measurements along 
the specimen. Black 0 = PLG, pink • = PLGC, blue A = PLGH, green 
X = PLG4B, orange o = PLGIB. 

Figure 9.3: DMA specimens after 21 days in SBF, 10-15 min after removal from 177 
SBF. Left to right: PLG, PLGC, PLGH, PLG4B, PLGIB. 

Figure 9.4: (a) Storage modulus after ageing in SBF. (b) Tan delta after ageing in 178 
SBF. n = 5 (except: PLG4B: n = 4 at 1 day, 3 at 3 days, 2 thereafter. 
PLGIB: n = 3 at 7 days and thereafter). Mean + 1 s.d. Black 0 = PLG, 
pink • = PLGC, blue A = PLGH, green X = PLG4B, orange o = 
PLGIB. 

Figure 9.5: Examples of compression test samples after immersion in SBF for up 180 
to 12 weeks, before drying. Left to right in each image: PLG, PLGC, 
PLGH, PLG4B, PLGIB. 

Figure 9.6: The effects of immersion in SBF on specimen properties, (a) % change 183 
in weight of wet samples, (b) % change in weight of dry samples, (c) 
volume, (d) SBF pH. Mean + s.d. n > 3. Black 0 = PLG, pink • = 
PLGC, blue A = PLGH, green x = PLG4B, orange o = PLGIB, red • = 
SBF. 

Figure 9.7: The difference in the wet weight % and dry weight % shown in Figure 185 
9.6a and 9.6b. Black 0 = PLG, pink • = PLGC, blue A = PLGH, green 
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X = PLG4B, orange o = PLGIB. 
Figure 9.8: GPC analysis of the different materials after immersion in SBF. (a) 

Mw, (b) Mn, (c) polydispersity. Average of duplicate values. Black 0 = 
PLG, pink • = PLGC, blue A = PLGH, green x = PLG4B, orange o = 
PLGIB. 

Figure 9.9: Change in compressive mechanical properties over time in SBF. (a) 
Young's modulus, (b) yield stress (0.1 % strain offset), (c) yield strain 
(0.1 % strain offset), (d) force at yield stress (0.1 % strain offset). 
Mean + s.d. n > 8 except PLG4B at 3 weeks, n = 4; PLGIB at 6 and 9 
weeks, n = 7. Black 0 = PLG, pink • = PLGC, blue A = PLGH, green 
X = PLG4B, orange o = PLGIB. 

Figure 9.10: Typical stress-strain plots for the different materials after immersion in 
SBF. (a) 0 weeks, (b) 3 weeks, (c) 6 weeks, (d) 9 weeks, (e) 12 weeks. 
Lines: black = PLG, pink = PLGC, blue = PLGH, green = PLG4B, 
orange = PLGIB. 

Figure 9.11: Typical stress-strain plots of materials following immersion in SBF. (a) 
PLG, (b) PLGC, (c) PLGH, (d) PLG4B, (e) PLGIB. Lines; black = 0 
weeks, pink = 3 weeks, blue = 6 weeks, green = 9 weeks and orange = 
12 weeks. 

186 

188 

189 

190 

Figure 10.1: Cell culture specimens. Left to right: PLG, PLGC, PLGH, PLG4B, 200 
PLGIB. 

Figure 10.2: Typical surface roughness profiles for the PLG specimen, (a) raw data, 202 
(b) 0.8 mm cut-off, (c) 0.25 mm cut-off. 

Figure 10.3: Typical surface roughness profiles for the PLGC specimen, (a) raw 203 
data, (b) 0.8 mm cut-off, (c) 0.25 mm cut-off. 

Figure 10.4: Typical surface roughness profiles for the PLGH specimen, (a) raw 204 
data, (b) 0.8 mm cut-off, (c) 0.25 mm cut-off. 

Figure 10.5: Typical surface roughness profiles for the PLG4B specimen, (a) raw 205 
data, (b) 0.8 mm cut-off, (c) 0.25 mm cut-off. 

Figure 10.6: Typical surface roughness profiles for the PLGIB specimen, (a) raw 206 
data, (b) 0.8 mm cut-off, (c) 0.25 mm cut-off 

Figure 10.7: Typical surface roughness profiles for the Thermanox® specimen, (a) 207 
raw data, (b) 0.8 mm cut-off, (c) 0.25 mm cut-off. 

Figure 10.8: Fluorescent microscope images of specimens with no immersion in 211 
media prior to cell seeding, 1 day after seeding, (a) PLG, (b) PLGC, (c) 
PLGH (d) PLG4B, (e) PLGIB, (f) Thermanox®. Stain: nuclei = DAPI, 
actin = phalloidin-FITC. 

Figure 10.9: Fluorescent microscope images of specimens with no immersion in 212 
media prior to cell seeding, 7 days after seeding, (a) PLG, (b) PLGC, 
(c) PLGH (d) PLG4B, (e) PLGIB, (f) Thermanox®. Stain: nuclei = 
DAPI, actin = phalloidin-FITC. 

Figure 10.10: Fluorescent microscope images of specimens with 48 h immersion in 212 
media prior to cell seeding, 1 day after seeding, (a) PLG, (b) PLGC, (c) 
PLGH (d) PLG4B, (e) PLGIB, (f) Thermanox®. Stain: nuclei = DAPI, 
actin = phalloidin-FITC. 

Figure 10.11: Fluorescent microscope images of specimens with 48 h immersion in 213 
media prior to cell seeding, 7 days after seeding, (a) PLG, (b) PLGC, 
(c) PLGH (d) PLG4B, (e) PLGIB, ( f ) Thermanox®. Stain: nuclei = 
DAPI, actin = phalloidin-FITC. 

Figure 10.12: Cell density for different materials at 1 and 7 days culture after 0 or 48 213 
h immersion in media prior to cell seeding. Mean + s.d. n = 6. Black = 
PLG, grey = PLGC, upward stripes = PLGH, downward stripes = 
PLG4B, dots = PLGIB, dashes = Thermanox®. Significance compared 
to the same material at the same time unimmersed versus immersed 
assessed by two-tailed unpaired t-test, *P < 0.05, **P < 0.001. 

Figure 10.13: pH of media over time. 0 = PLG, • = PLGC, A = PLGH, X = PLG4B, 215 
o = PLGIB, 0 = Thermanox®. 

Figure 10.14: Fluorescent microscope images of PLG4B specimen with (a) 0 h (b) 48 216 
h immersion in media prior to cell seeding 7 days after seeding. Shows 
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Figure 10.15: 

Figure 10.16: 

Figure 10.17: 

Figure 10.18: 

Figure 10.19: 

Figure 10.20: 

Figure 10.21: 

Figure 10.22: 
Figure 10.23: 

Figure 10.24: 

Figure 10.25: 

Figure 10.26: 

Figure 10.27: 

Figure 10.28: 

Figure 10.29: 

cell nuclei stained with DAPI in the cracks that had occuned in the 
material during immersion in fluid. 
ED AX analysis of the surface of samples before (a, c, e, g, i, k) and 217 
after immersion in media for 48 h (b, d, f, h, j, 1) at 37 °C. (a, b) PLG, 
(c, d) PLGC, (e, f) PLGH, (g, h) PLG4B, (i, j) PLGIB, (k, 1) 
Thermanox®. 
Quantitative ED AX data for elements. H = PLG 0 d, • = PLG 2 d M = 220 
PLGC 0 d, H = PLGC 2 d ^ = PLGH 0 d, • = PLGH 2 d, S = PLG4B 
0 d, • = PLG4B 2 d, H = PLGIB 0 d, • = PLGIB 2 d, E3 = 
Thermanox® 0 d, [H = Thermanox® 2 d. 
Cell attachment. Mean + s.d. n = 12. Comparisons were made via a 221 
two-tailed unpaired t-test. Compared to PLG, *P < 0.05, **P < 0.001. 
Compared to Thermanox® fP < 0.05, f f P < 0.001. Compared to 
previous time point, JP < 0.05, # P < 0.001. 
Cell attachment after 0.5 hours, (a) PLG, (b) PLGC, (c) PLGH, (d) 222 
PLG4B, (e) PLGIB, (f) Thermanox®. Stain: nuclei = DAPI, actin = 
phalloidin-FITC. 
Cell attachment after 1 hour, (a) PLG, (b) PLGC, (c) PLGH, (d) 222 
PLG4B, (e) PLGIB, (f) Thermanox®. Stain: nuclei = DAPI, actin = 
phalloidin-FITC. 
Cell attachment after 3 hours, (a) PLG, (b) PLGC, (c) PLGH, (d) 223 
PLG4B, (e) PLGIB, (f) Thermanox®. Stain: nuclei = DAPI, actin = 
phalloidin-FITC. 
Cell attachment after 6 hours, (a) PLG, (b) PLGC, (c) PLGH, (d) 223 
PLG4B, (e) PLGIB, (f) Thermanox®. Stain: nuclei = DAPI, actin = 
phalloidin-FITC. 
MTS at 1 day after Ih and 2h to assess MTS saturation. 225 

(a) MTS over the time period. Mean + s.d. n = 6. (b) as Figure 10.23a, 225 
focussing on the composites. Compared to PLG using a two-tailed 
unpaired t-test., *P < 0.05, **P < 0.001. Compared to Thermanox® 
using a two-tailed unpaired t-test., fP < 0.05, t t ? 5 0.001. Compared 
to previous time point using a two-tailed unpaired t-test., JP < 0.05, 
H P <0.001. 
Light microscope images of the media surrounding samples seeded at 226 
16,000 cells/cm^ after 2.5 days (21 days total immersion). Original 
magnification = xlO. (a) PLG, (b) PLGC, (c) PLGH, (d) PLG4B, (e) 
PLGIB, (f) Thermanox®. 
SEM images of cell morphology after 1 day culture. Scale bars: left 227 
images 100 /xm, right images = 25 /xm. (a, b) PLG, (c, d) PLGC, (e, f) 
PLGH, (g, h) PLG4B, (i, j) PLGIB, (k,l) Thermanox®. Crystals present 
in (k) and (1) are an artefact of the dehydration process. 
SEM images of cell morphology after 7 days culture. Scale bars: left 228 
images 100 /xm, right images 25 /xm. (a, b) PLG, (c, d) PLGC, (e, f) 
PLGH, (g, h) PLG4B, (i, j) PLGIB, (k,l) Thermanox® (an area of less 
dense cells was chosen to enable visuahsation of cell shape). Crystals 
present in (i) and (j) are an artefact of the dehydration process. 
Calibration curves to convert optical density read by the plate reader 
into the quantity of ALP produced per mg protein, (a) pNP 
concentration. Mean + s.d. n = 3. (b) Protein concentration. Mean + 
s.d. n = 3. 
ALP expression after 3, 7 and 14 days culture, n = 3, mean + s.d. 
Compared to PLG using a two-tailed unpaired t-test, *P < 0.05. 
Compared to Thermanox® using a two-tailed unpaired t-test, jP < 0.05. 
Compared to previous time point using a two-tailed unpaired t-test, JP 
<0.05. 
OC expression on two samples per material after 14 days immersion. 233 
OC stained with immuno-stain (Texas Red), nuclei with DAPI. (a, b) 
PLG, (c, d) PLGC, (e, f) PLGH, (g, h) PLG4B, (i, j) PLGIB, (k, 1) 
Thermanox®, (m, n) Thermanox®, OC staining only. Yellow arrows 
indicate one location per image where OC expression is seen. 
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Figure 11.1: PPF prototype model created using SLA by Cooke et al. [214]. (a) 246 
Image of the prototype (50 mm diameter, 4 mm thickness), (b) PPF 
model. 

Figure 11.2: Pl̂ n view of freeze-fractured surface of PCL scaffold fabricated via 247 
FDM. 0/60/120° lay-down pattern, 61 % porous [241]. 

Figure 11.3: Scaffold with designed porosity created using indirect RP with MMII 249 
by Sachlos et al. [257]. (a) Chaimel design (dimensions in [im), (b) 
MMII mould, (c) collagen scaffold. 

Figure 11.4: Osteochondral scaffold created by 3DP by Sherwood et al. [262]. 251 
Porosity created by a salt leaching technique. 

Figure 11.5: Biopolymers sintered using SLS. (a) Sintered PEEK-10 wt% HA 253 
(circles indicate HA) [276], (b) PCL scaffold created by SLS, pore size 
1.75 mm in all dimensions [278]. 

Figure 11.6: SLS parameters affecting the energy stored at the powder surface 256 
[283]. 

Figure 12.1: Sinterstation 2500. 

Figure 12.2: Build layout for final build. 

Figure 12.3: Build volume during fabrication for final build set-up. 

Figure 12.4: Co-ordinate system for dimension measurements. 

Figure 12.5: Sample 'mushrooming' at top platen during testing. 

Figure 12.6: The effect of increased laser power on the degree of sintering of 50-
125 nm PLG powder. 65 °C programmed part bed temperature, 1905 
mm/s laser scan speed, (a) 5 W, (b) 30 W. 

Figure 12.7: Degree of curling of sample at 65 °C programmed part bed 
temperature, 1905 mm/s laser scan speed, 27 W laser power (50-125 
(̂ m powder size). 

Figure 12.8: Examples of the effect of scan speed and laser power on the sintering 
of 50-125 |im PLG at 100 °C programmed part bed temperature, (a) 
1905 mm/s, 30 W, (b) 1270 mm/s, 25 W, (c) 1270 mm/s, 30 W. 

Figure 12.9: Degree of curling of sample at 100 °C programmed part bed 
temperature, 1905 mm/s laser scan speed, 30 W laser power (50-125 
Hm powder size). 

Figure 12.10: The effect of scan speed on specimen curling. 100 °C programmed 
part bed temperature, 30 W laser power, 50-125 ^m powder size, (a) 
1905 mm/s, (b) 1270 mm/s. 

Figure 12.11: Sintering of 125-250 |im PLG powder. 100 °C programmed part bed 
temperature, 1270 mm/s laser scan speed, 25 W laser power. 

Figure 12.12: 50-125 nm PLG with 5 vol% HA showing globular appearance of 
smtered layer. 100 °C programmed part bed temperature, 1270 mm/s 
laser scan speed, 20 W laser power. 

Figure 12.13: High magnification SEM image of HA 'shell' coating the PLG 
particles. 50-125 |im PLG with 5 vol% HA. 100 °C programmed part 
bed temperature, 1270 mm/s laser scan speed, 20 W laser power. SEM 
with BEI setting. 

Figure 12.14: 125-250 p.m PLG with 5 vol% CAM CERAM II HA coating powder. 
(a) Specimen which underwent combustion on sintering. 100 °C 
programmed part bed temperature, 1270 mm/s laser scan speed, 15 W 
laser power (b) Specimen with no combustion. 100 °C programmed 
part bed temperature, 1651 mm/s laser scan speed, 10 W laser power. 

Figure 12.15: 125-250 PLG with 20 vol% CCII. 180 °C programmed part bed 
temperature, 1651 mm/s laser scan speed, 10 W laser power. White 
circles indicate pores: large = 500 |im, medium = 250 |J.m, small =125 
pm diameter, (a) Low magnification. Shows reduced sintering 
compared to PLG alone, (b) High magnification. Shows some 
aggregation of CCII and also CCII fixed in PLG particles. 

Figure 12.16: Four-layer 125-250 ^m PLG with 20 vol% CCII showing no interlayer 
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debonding and some horizontal shifting. White circles indicate pores 
of approximately 125 |im diameter. Dashed white lines indicate layer 
boundaries. 

Figure 12.17: Compression test specimens after post-processing. 273 

Figure 12.18: Error in dimensions of laser sintered specimens, x = specified 273 
dimension in x and y, = measured y dimension (average of 3 
measurements per sample for 9 samples, + s.d.), 0 = measured x 
dimension (average of 3 measurements per sample for 9 samples, + 
s.d.). 

Figure 12.19: GPC samples, after post-processing. The first three samples in the 274 
build volume yielded shorter specimens because some initial layers 
were all bonded together due to shifting in the x-direction and these 
debonded from the rest of the specimen during post-processing. This 
difference in sample size did not affect the GPC results. 

Figure 12.20: Examples of scaf&ld stress-strain curves. 275 

Figure 12.21: (a) .stl model from CT data and (b) SLS model from .stl file of fourth 276 
middle phalanx, x = direction of roller movement, y = perpendicular to 
roller movement, z = direction of build. 

Figure 12.22: Scaffold with designed porosity, (a) Sample overview, (b) Detail of 276 
hole (marked 'h' in Figure 13 a) which is highlighted by the white 
circle. 

Figure 13.1: Possible designs for support within the implanted structure, (a) 
External shell, (b) internal support. 
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INTRODUCTION 

Research objectives 

The aim of the research was to develop a novel bioresorbable porous scaffold 

suitable for the in vivo regeneration of bone. 

Thesis overview 

Section 1 details the investigations into the properties of a solid polymer alone 

and with four different particulate fillers to assess the differences between them using 

similar manufacturing and testing regimes, as no comprehensive data accurately 

comparing these different composite fillers could be found. In these trials 

polycaprolactone (PCL) is used to establish the methodology and obtain initial results, 

as it is inexpensive. 95/5 poly(L-lactide-co-glycohde) (PLG) is then used for more 

comprehensive studies. 

Section 2 encompasses work relating to porous scaffolds using a PLG alone 

and with two different particulate fillers, using a form of rapid prototyping - selective 

laser sintering - to create the scaffold. 

Section 3 brings together Sections 1 and 2 to form an overall conclusion for 

the research. 

An overview of the chapters within this thesis is now provided. 

SECTION 1: MATERIALS 

Chapter 1 - BONE STRUCTURE AND PHYSIOLOGY 

A literature review considering the structure, function and mechanical 

properties of bone to investigate the complex biological material which 

will be replaced by the synthetic scaffold. It is important to know the 

properties of the material, i.e. bone, which the scaffold should emulate. 

Chapter 2 - BONE SUBSTITUTE MATERIALS 

A literature review introducing the reader to the current materials 

available, describing their properties and limitations. The chapter 

begins describing permanent materials in general and then concentrates 

on bioresorbable synthetic polymers, ceramics and glasses. 
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Chapter 3 - COMPOSITES 

A final literature review chapter for this section introducing composite 

materials and factors which affect their properties. Current resorbable 

composite materials are detailed and their properties discussed. The 

materials to be used in the remainder of this thesis section are selected 

and the reasons for these choices are justified. 

Chapter 4 - PROCESSING EQUIPMENT AND ANALYSIS TOOLS 

This chapter explains the main pieces of equipment and methodology 

used in the research, including any relevant background theory. 

Chapter 5 - MATERIAL CHARACTERISATION 

The different materials used for research in this section of the thesis are 

characterised in this chapter in terms of their thermal properties, shape 

and size distribution. 

Chapter 6 - COMPOSITE FABRICATION PROCESS OPTIMISATION 

The need for the different processing routes is justified and PCL and 

PLG with CaCOs are used to optimise the extrusion and transfer 

moulding processes. 

Chapter 7 - COMPOSITE FABRICATION PROCESS - ALL MATERIALS 

The fabrication processes are optimised for all the PCL and PLG 

composites. The degree of homogeneity of the PLG composites post-

extrusion is assessed. The effects of processing on the different 

materials in terms of thermal properties and molecular weight (PLG 

and composites only) is investigated, and the difference in surface 

properties of PLG and composites is analysed. 

Chapter 8 - MECHANICAL TESTS 

The mechanical properties of PCL, PLG and composites were assessed 

by compression and tensile tests. Dynamic mechanical analysis 

(DMA) over a prescribed temperature range was used to analyse PCL, 

PLG, and composites; and PLG and composites were also analysed 

isothermally. 

Chapter 9 - AGEING AND DEGRADATION STUDIES 

PLG and composites were assessed over 21 days (short term) and 12 

weeks (long term) immersion in simulated body fluid (SBF). Short 

term studies examined changes in the weight, dimensions and 
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mechanical properties of dynamic mechanical analysis specimens. 

Long term trials observed the change in weight, dimensions, 

compressive mechanical properties, and molecular weight of 

compressive test specimens; and the pH of the SBF. 

Chapter 10-IN VITRO CELL CULTURE 

This chapter firstly examines the surface properties of the ethylene 

oxide sterilised PLG and composite materials, and the surface 

roughness as these will affect cell response to the materials. MG63 

human osteosarcoma cells were then cultured on the materials as well 

as a positive control material, Thermanox®, and cell response in terms 

of cell attachment, proliferation and differentiation is analysed. 

SECTION 2: SCAFFOLDS 

Chapter 11 - SCAFFOLD FABRICATION PROCESSES 

A literature review chapter introducing porous scaffolds for 

orthopaedic applications and the rapid prototyping methods used to 

fabricate them. The advantages and limitations of the different 

processes are discussed and the selective laser sintering process is 

examined in greater detail. 

Chapter 12 - SELECTIVE LASER SINTERING 

The selective laser sintering process is used with PLG alone and with 

two different fillers to create porous scaffolds. The degree of sintering, 

pore size, porosity, dimensional accuracy, molecular weight and 

compressive properties are examined. A model of a fourth middle 

human male phalanx is made to show the process capabilities and an 

attempt is made to create a specimen with designed porosity. 

SECTION 3: CONCLUSIONS 

Chapter 13 - SUMMARY, CONCLUSIONS AND FUTURE WORK 

This chapter brings together the results of the two previous sections, 

providing a summary of the findings and suggestions for further work. 
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Chapter 1. Bone Structure and Physiology 

1. BONE STRUCTURE AND PHYSIOLOGY 

In this chapter, details of the structure and physiology of bone that are relevant 

to this thesis will be discussed and its mechanical properties will be considered. 

1.1 Overview 

Bone is a complex tissue which performs a number of roles within the body 

including structural support, protection of internal organs, locomotion, acting as an 

ion reservoir, and it is a site for hematopoiesis. It is comprised of an inorganic phase 

(65 %) and organic matrix, water and cells (35 %) [1], The inorganic phase consists 

of hydroxyapatite-like crystals, Caio(P04)6(OH)2. The crystals are shaped as needles, 

plates and rods; of approximate size 2 x 4 x 20 nm [1]. The organic phase is 

comprised of 90-95 % collagen, approximately 1 % glycosaminoglycans, and 

approximately 5 % noncollagenous proteins [2], 

Bone has an inhomogeneous, hierarchical structure that is continually 

modified throughout an organism's life. Whole bones take a number of different 

forms. Long bones have a length much greater than their width; for example the 

femur and radius. Short bones have similar dimensions in all directions, e.g. tarsals. 

Examples of flat bones, where the depth of the bone is the smallest dimension, include 

the cranial vault and scapula. Sesamoid or irregular bones have a shape that cannot be 

described by any of the above categories, for example vertebrae. Bone growth occurs 

in children until full growth is achieved at approximately 16 years of age [3]. 

Whole bones consist of varying amounts of compact (or cortical) and 

cancellous (or trabecular) bone. Compact bone comprises 80 % of the skeletal mass, 

cancellous bone forms the remaining 20 % [1]. Compact bone is relatively dense (5-

30 % porous); it forms the exterior of the long bones and the diaphysis or mid-section 

of these bones. It is also present in the other bone types e.g. short bones. Cancellous 

bone is present in the epiphyses of long bones and in varying quantities in the other 

bone types; it comprises plate or rod-like trabeculae which tend to be oriented parallel 
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to the direction of greatest loading. Cancellous bone has porosity in the range of 30 to 

approximately 90 % [4], 

Both compact and cancellous bone are comprised mainly of woven or lamellar 

bone. Woven bone is present in infants up to four or five years of age, in fracture 

calluses and with pathological conditions such as Paget's disease. It is rapidly 

produced and has a random collagen structure. Over time, in normal conditions, 

woven bone is remodelled and replaced with lamellar bone. Normal adult compact 

bone is comprised of lamellar bone. It is deposited more slowly and is stronger than 

woven bone; it consists of sheets of bone (or lamellae, ca. 7 )Lim thick) separated by 

interlamellar cement bands (ca. 0.1 jam thick), with each of the lamellae having a 

predominant fibre orientation [3]. Lamellar bone is present in four forms: the 

lamellae of the trabeculae in cancellous bone, inner and outer circumferential lamellae 

in compact bone, lamellae of osteons, and the interstitial lamellae of compact bone. 

Figure 1.1 shows the architecture of compact bone including the lamellae. Bone may 

take the form of primary bone, which is the initial accretion, or secondary bone where 

it has been remodelled, as shown in Figure 1.2. 

Bone is continually remodelled throughout life by the cells within its structure. 

The vascular supply of bone is such that no cell is greater than 100-300 |am from a 

blood vessel [5,6]. Osteoblasts create new bone by secretion of extracellular matrix 

which is then mineralised. Once the osteoblasts have secreted sufficient matrix, they 

are encapsulated by bone and become flatter and dormant and are known as 

osteocytes. Osteoclasts are multi-nucleated cells which are responsible for the 

resorption of bone. The remodelling of bone involves a combination of osteoclastic 

and osteoblastic activity. Remodelling occurs throughout life at different rates and 

can be in response to different loading conditions. Woolf s Law of 1892 notes that 

bone has a form-function dependency i.e. bone is deposited in areas that undergo 

greater stresses, and resorbed if the stress is reduced. The law also observes that the 

structure of bone is dynamically aligned to maximise strength depending on the load 

distribution [1]. 
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Figure 1.1: Diagram of a section of the shaft of a long bone illustrating the 
histological details of cortical bone [6], 
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Figure 1.2: Classifications of mammalian compact bone, adapted from [3]. 

1.2 Bone mechanical properties 

The mechanical properties of bone are highly complex due to the nature of its 

structure. Compact bone has a greater strength than cancellous bone. The mechanical 

properties of bone shown in Table 1.1 vary widely as they are affected by the bone 

source (e.g. femur or radius), type of bone (compact or cancellous), location of the 

test sample within the bone (location radially and longitudinally), orientation of the 

test (longitudinal, transverse or radial), bone density, and the age and sex of the host. 

The test conditions of storage, temperature, specimen geometry, specimen size, and 

test methods affect the measured mechanical properties. 

Bone is a viscoelastic material and as such the fracture mode is influenced by 

the strain rate. A 'static' fracture at low strain rates will tend to be a simple break 

with few fragments. The crack will tend to take a tortuous course, following the lines 

of weakness which have been suggested by Evans (described in [7]) to be the cement 

lines. After a critical strain rate (between 0.1 and 1 e/s [8-10]), the energy absorbed to 

failure is reported to decrease and the bone fracture results in fragments of bone with 

the cracks taking a direct path through the constituents of the material. In tension 

bone tends to fail by debonding at the cement lines and interlamellar cement bands, 

there are also cracks in the interstitial bone. The fracture surfaces tend to be 

transverse, hi compression the bone is damaged by oblique cracking and longitudinal 

splitting, fracture surfaces tend to be oblique [11]. 
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Following the clinical fracture of a bone, a timescale of 8-12 weeks is required 

for healing to occur. This depends on the site and stability of the fracture and the age 

of the patient [12]. Approximately 24 weeks (6 months) is required for full bony 

union in some cases [13]. BorreUi et al. [14] assessed the rate of healing of nonunions 

and osseous defects in long bones when treated with a combination of internal 

fixation, autogenous bone graft and calcium sulphate and found that the osseous 

defects healed in an average of 5 months (range 3-8 months) and the nonunions 

healed in an average of 3 months (range 2-5 months). Wang and Weng [15] studied 

nonunion of the distal femur treated with internal fixation, cortical allograft struts and 

autogenous bone graft. They found that healing occurred after an average of 5 

months (range 3-6 months). 

Mechanical 
Property 

Units COMPACT BONE TRABECULAR BONE 

Lowest 
value 

Highest 
value 

References Lowest 
value 

Density 
[g/cm'l 

Highest 
value 

Density 
[g/cm^] 

References 

Tension 

Young's Modulus [GPa] 14.1 183 [16-18] OjW 0.22 2.7 0.54 [19] 

Ultimate strength [MPa] 7&8 151 [16-18] 

Elongation at break [%] 1.57 [18] 0.61 0.22 0.7 0.19 [19] 

Compression 

Young's Modulus [GPa] 10.4 40.7 [1.8,16.17] 0.057 0.31 3 ^ 3 Ojg [19,20] 

Ultimate strength [MPa] 131 317 [8,16,17,21] 4.1 0 3 1 6.7 0.31 [20] 

Elongation at break [%] 0.95 1.8 [8] 1.45 0.17 7.4 0 J 4 [1] 

Bending 

Young's Modulus [GPa] 14.8 [1.16] 

Ultimate strength [MPa] 157 181 [16] 

Shear 

Young's Modulus [GPa] 3.1 3.71 [1,17] 

Ultimate strength [MPa] 53.1 82.4 [16.17] 

Fracture toughness 
(K.c) 

[MPa m'"̂ ] 2 12 [22] 0.1 [22] estimated 

Density [g/cm'] 1.6 2.1 [22] 0 4 9 1 [19.22] 

Table 1.1: Mechanical properties of human bone from selected references. 

1.3 Summary 

The data presented in this chapter provides information regarding the nature of 

bone and parameters against which it will be possible to design and evaluate the bone 

substitute material. 
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2. BONE SUBSTITUTE MATERIALS 

This chapter introduces the reader to the current state of bone-related 

biomaterials usage and research. A set of criteria for a successful biomaterial to fulfil 

will be presented and polymers, ceramics and glasses will be compared in relation to 

these guidelines. 

2.1 Overview and current clinical usage 

With improvements in healthcare, people are now living to 80 years or more. 

For many this means that the replacement of tissues will be necessary at some stage in 

their lifetime; due to factors such as trauma, disease or simply age. There are 

currently two methods to deal with this issue in an orthopaedic sense, tissue 

transplants and implantation of biomaterials. 

Tissue transplants or grafts can be autogenic, where bone is taken from 

another site in the patient; allogenic, where bone from a human donor is employed, or 

xenogenic, where bone from another species is utilised. Autografts are the current 

clinical gold standard for bone tissue replacement as they have osteogenic, 

osteoconductive and osteoinductive^ properties. There is a very high success rate of 

80-90 % [24,25] with the grafts, a low risk of disease transmission, and 

histocompatibility is high. However, there are disadvantages with the material in that 

there is a limited supply and there is the potential for donor site morbidity. 

There are problems associated with allografts, such as a small risk of disease 

transmission from the donor to the host, ethical concerns, the requirement for 

immunosuppressant drugs, and potential limitations in availability. Due to the variety 

of donors, different graft batches have different potencies. Xenograft bone has 

' There are various forms of bioactivity. Osteoconduction occurs when the material provides a 
biocompatible interface along which bone migrates, polymers are usually osteoconductive. 
Osteoproduction is the process where a bioactive surface is colonised by osteogenic stem cells free in 
the defect environment as a result of surgical intervention. Osteoinduction is the production of bone in 
an ectopic site; no alloplastic implant is osteoinductive [23]. Osteoinduction requires the presence of 
bone morphogenic proteins and other factors that are only present in natural bone [22]. An implant can 
be made osteoinductive with the addition of suitable growth factors [24]. 
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disadvantages because clinical results are not optimal and there are contentious ethical 

issues associated with its use [26]. 

Therefore, although tissue transplantation is currently in use, the shortcomings 

associated with its utilisation have instigated the investigation of other sources for 

solutions which may offer a more suitable alternative. 

Orthopaedic biomaterials research is an active field investigating the 

suitability of a wide variety of materials for orthopaedic applications. The materials 

may be for bone filler, fracture fixation, or prostheses. Materials may be metals, 

ceramics, polymers, or a composite of these. The implanted materials may be 

permanent or bioresorbable. 

Current bio-inert (permanent) implants such as stainless steel, cobalt and 

titanium based alloys, polyethylene, alumina and zirconia have been successfully 

implanted for periods of 5 to 25 years [27]. However, with the improvements in 

medical technology, people are living longer and require prostheses with an extended 

survival time. The mismatch in Young's modulus between the implant materials and 

bone, as shown in Tables 1.1 and 2.1, can cause stress shielding, where bone is 

resorbed due to alterations in the pattern of stress and strain in the bone. This can 

result in loosening of the implant, or bone re-fracture on implant removal [28]. 

Adaptations of the surface of the implant have been attempted to reduce the 

occurrence of implant loosening by creating porous or bioactive coatings. However, 

failure of the implant is still a risk, with the associated need for revision surgery or 

removal of the fracture fixation. 

Units Stainless steel 316L CoCrMo Ti-6A1-4V 
Young's modulus [GPa] 200 200-230 110 
Yield strength [MPa] 170-750 275-1585 850-900 
Ultimate tensile strength [MPa] 465-950 600-1795 960-970 

Table 2.1: Mechanical properties of selected permanent implant materials [29]. 

The use of bioresorbable materials which facilitate bone re-growth and are 

then removed from the body by natural processes would be the optimal solution and 

may offer the benefits of no need for revision surgery, less or no stress shielding, no 

tissue reaction to metallic corrosion, and no generation of artefacts on computed 

tomography [13,30]. 
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2.2 Bioresorbable implant materials 

Bioresorbable materials, outlined in Section 2.1, should fulfil a number of 

criteria in order to be successful in vivo', they ought to: 

1. be biocompatible, i.e. the material should not create a toxic response or acute 

inflammation in bulk or degraded form 

2. be bioresorbable 

3. degrade such that the material is able to provide sufficient support to the 

regenerating bone until it is capable of self-support 

4. have mechanical properties, for example Young's modulus, that closely match 

those of bone 

5. be as highly bio active as possible 

6. be easily processable 

7. be easily sterilised 

8. have sufficient shelf-hfe (adapted from [22,31]). 

The possibility of the material being able to release biological factors, for example 

drugs, may also be beneficial. The material may be a polymer, ceramic, glass, glass 

ceramic, or a composite of these. 

2.3 Bioresorbable polymers 

Polymers may be natural or synthetic; examples of natural polymers are 

collagens, glycosaminoglycans, starch, polysaccharides (hyaluronic acid, chitin, 

chitson), and chitosan. They have good simulation properties, but are limited by 

batch to batch variation and poor mechanical performance [32], also there is a more 

reliable source of raw materials in synthetic polymers and the properties of synthetic 

materials can be tailored to a greater extent for their intended purpose [31]. Due to 

the perceived benefits of synthetic polymers, they have been the focus of this 

investigation. 

The use of synthetic bioresorbable^ polymers for clinical applications has 

taken place since the development of the suture Dexon® (poly(glycolic acid)) which 

^ A bioresorbable material was defined by Vert et al. [33] as one which can both degrade and resorb in 
vivo, i.e. which can be eliminated totally by natural pathways. 
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has been commercially available since 1970 [34]. Polymers are an attractive material 

option due to their ease of manufacture and the variety of materials available. 

However, the use of polymers in load bearing orthopaedic applications has been 

limited due to the low stiffness and strength of the materials so far developed. 

Research is underway to find a polymer with improved mechanical properties. 

When considering synthetic polymers, aliphatic polyesters, essentially the 

poly(a-hydroxyacids) such as poly(lactic acid) and poly(glycolic acid), are the most 

commonly used. Other aliphatic polyesters; poly(cj-hydroxyacids) such as poly(8-

caprolactone), poly(hydroxybutyrate) and poly(hydroxyvalerate); have also been 

investigated. Other materials include aliphatic polycarbonates, poly(ortho-esters), 

polyanhydrides, poly(ester-ethers) and poly(propylene fumarate). A summary of the 

properties of these bioresorbable polymers can be found in Appendix 1. The tensile 

strengths and moduli of the polymers are shown in Figures 2.1 and 2.2 which 

illustrate the inferior mechanical properties of all the polymers to that of cortical bone. 

It should be noted that test regimes varied and it is therefore difficult to compare the 

experimental data accurately. 
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Figure 2.1: Comparison of the range of tensile strengths of some bioresorbable 
polymers and bone. Abbreviations are explained in Appendix 1. Data for bone is from 
Table 1.1. [28,32,34-37] 
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Figure 2.2: Comparison of the range of tensile Young's moduli of bioresorbable 
polymers and bone. Abbreviations are explained in Appendix 1. Data for bone is 
from Table 1.1. [31,32,34,36,37] 

Clinical usage of other polymers is less common than for polyglycohde and 

polylactide; only glycolide, lactide, caprolactone, j9-dioxanone and TMC homo- and 

copolymers have been commercialised [31,38]. Therefore only the more common 

resorbable polymers of polyglycohde, polylactide and polycaprolactone will be 

considered henceforth in greater detail. This is primarily because commercialised 

materials will avoid the need for extreme regulatory testing, being already FDA and 

CE approved. 

2.3.1 General bioresorbable polymer characteristics 

There are many variables that affect the different polymers which dictate how 

well the individual polymer fulfils the specifications for an ideal bioresorbable 

material which were established in Section 2.2. These are discussed in the following 

paragraphs. 

With respect to biocompatibility, animal experiments do not extrapolate 

directly to humans [39], this makes it difficult to predict the precise outcome of 

clinical usage. In vivo, an increase in the risk of foreign body reaction (FBR) - which 

seems to be independent of patient age and gender - can be caused by reduced pH in 

the vicinity of the degrading polymeric implant, which can be a result of poor 

vascularity, large implant surface area to volume ratio, and / or rapid implant 
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degradation. The use of some additives, e.g. quinone dye, can also increase the risk of 

FBR [39]. There is an osteolytic response accompanying a FBR which is most likely 

a result of non-specific activation of bone resorbing mechanisms by the hydrolysed 

polymer debris [39]. The average total costs per patient for a FBR were estimated at 

$1218 in 1996 [40]. The risk of a FBR could possibly be reduced by incorporation of 

alkaline salts or antibodies to inflammatory mediators into the implant [39]. 

The characteristics of polymer degradation will vary depending on factors 

such as the degradation rate, the method of degradation (hydrolytic or enzymatic), and 

whether the polymer degrades by bulk or surface degradation. Degradation rate will 

be increased by a decrease in the chemical stability of the polymeric backbone, by 

increased access of water to the hydrolytically degraded ester bonds (for degradable 

polyesters) which in turn is determined by material hydrophobicity, crystallinity and 

surface area to volume ratio [41-44], and by reduced molecular weight [45]. The 

presence of catalysts, additives, impurities and plasticisers (e.g. monomers) will affect 

the degradation rate, as will the device location in vivo [31,45]. Implants subjected to 

stress were found degrade faster; possibly due to the formation of micro-cracks which 

increased the surface area exposed to the degradation environment [44]. 

Degradation via hydrolysis rather than enzymatic processes is preferable as the 

rate of degradation has less patient-to-patient variability [32]. In polymers that 

degrade via random hydrolytic chain scission, mechanical strength loss, which reflects 

a decrease in molecular weight, usually precedes modulus loss, which reflects a 

decrease in mass or density [28]. 

Degradation can take place via bulk or surface erosion. Bulk erosion occurs 

throughout the material when the rate of water penetration is greater than the rate of 

degradation into water-soluble materials [31]. In bulk hydrolysis of some polymers, 

acidic degradation products from the interior of the polymer are unable to diffuse 

away, the acidic pH catalyses the degradation reaction and therefore autocatalysis of 

the hydrolysis of ester linkages occurs and the polymer interior degrades more rapidly 

than the exterior [31]. This type of degradation may result in a 'burst mode' of 

failure, where the shell of the degraded material is finally compromised and the 

internal degradation products are released all at once causing a reduction in the 

surrounding pH, which has adverse effects on the surrounding bone in vivo [46]. 

Surface erosion can be observed to be a thinning of the material over time whilst bulk 
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integrity is maintained, this is due to the rate at which water penetrates the device 

being slower than its conversion into water soluble materials [31]. Degradation by 

surface erosion results in the continual removal of the exterior of the material, which 

may cause the in vivo attachment of cells to be problematic [47]. 

The polymer can be degraded by heat as well as moisture, which can be an 

issue during processing. Most synthetic resorbables are made by a ring opening 

polymerisation, which is a thermal equilibrium polymerisation reaction, the reversal 

of which can occur at high temperatures and leads to monomer formation - this is 

undesirable as monomers act as plasticisers [31]. 

Hydrolytic degradation of the polymers necessitates that the material should 

be kept dry in storage, and packaging in desiccated moisture-proof bags at a low 

temperature is recommended [31]. 

Regarding sterilisation, the use of 7-irradiation or ethylene oxide (EtO) is most 

common. 7-irradiation, especially if greater than 2-2.5 Mrad, can damage the polymer 

chain, reducing the molecular weight [31,48]. Certain polymers (e.g. PGA and PLA; 

see Section 2.3.2) can be especially sensitive to this. EtO sterilisation may be selected 

as it does not involve high temperatures or moisture, however a relatively long time is 

required to ensure all the EtO has been removed from the polymer, it is a highly toxic 

safety hazard [31]. 

2.3.2 Homopolymers: Poly(glycoIic acid) (PGA), Poly(lactic acid) (PLA) and 

Polycaprolactone (PCL) 

Research into the use of PGA for osteosynthesis devices has occurred since 

the 1960s; it was the first synthetic material to be an absorbable suture and has been 

available commercially as the suture Dexon™ since 1970 [34]. Self-reinforced PGA 

rods and screws have been used in the fixation of fractures and osteotomies [49], and 

PGA rods have been used in fixing distal radial fractures [50]. PLA has been used in 

the field of craniofacial fractures and ankle fixation [51]. A review which provides 

more thorough details of commercially available biodegradable PGA and PLA 

devices is available from Middleton and Tipton [31]. PCL has also been investigated 
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commercially, for example it was subject to US Food and Drug Administration 

clinical trials in 1991 for drug delivery for Capronor™, a one year implantable 

contraceptive device [5,52], 

The structures of PGA, PLA and PCL are shown in Figure 2.3. Polymers of 

high molecular weight are made by ring-opening polymerisation of the cyclic dimers 

of glycoUc and lactic acid, and e-caprolactone using a catalyst [31,46]. 
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Figure 2.3: Structure of linear aliphatic polyesters (a) PGA, (b) PLA, (c) PCL 
[31,34]. 

PGA is the simplest linear aliphatic polyester, it is semi-crystalline [34]. The 

methyl group in PLA creates a chiral centre resulting in two entantiomeric forms D 

and L [53]. DL is the racemic polymer, a synthetic blend of D-lactide and L-lactide. 

L-lactide is the naturally occurring isomer [31] and is used in biomaterials research 

rather than D-lactide because hydrolysis of L-Iactide produces L+ lactic acid, which is 

naturally occurring [34]. Poly(L-lactide) (PLLA) is semi-crystalline and Poly(DL-

lactide) (PDLLA) is amorphous [31]. PCL is a linear aliphatic polyester based on 

poly(co-hydroxy acids), not poly(a-hydroxy acids) like PGA and PCL [46], it is semi-

crystalline [53]. 

Reviews of the biocompatibility of PGA and PLA are provided by An et al. 

[35], Bostman and Pihlajamaki [39] and Athanasiou et al. [51]. Bostman and 

Pihlajamaki [39] reported that the average time for a tissue response to PGA implants 

was 11 weeks post-operatively and that the average incidence of the reactions was 5 

%. Ashammakhi and Rokkanen [54] noted that in 1.7 % of human cases, sinus 

formation - which did not disturb healing and released debris from the implant [39] -

may develop after use of PGA implants. Adverse tissue reaction rate in PLA implants 

was reported to be lower than PGA, a FBR to PLLA might take four or five years to 

occur following an operation, and the clinical features of the response were similar to 

PGA but discharging sinuses were rare in FBRs to PLA [39]. The crystalline debris 
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yielded during degradation may be responsible for FBRs and osteolysis which are 

sometimes observed with PLLA [55,56], Complications from implants of lactide and 

glycolide typically occur at a rate of less than 10 % [44], PCL is currently regarded as 

a non toxic and tissue compatible material [34] with good cell interaction in cell 

culture studies [57], 

A five stage mechanism has been proposed to describe the degradation of 

aliphatic polyesters [58], the stages may overlap: 

1. Hydration: 

This occurs at a higher rate for the amorphous areas. 

2. Depolymerisation: 

The aliphatic polyesters degrade mainly via bulk degradation by non-

specific hydrolytic chain scission, through hydro lytic attack of the ester 

bond [5,53,59-61], 

PGA is also broken down by enzymes such as non-specific esterases 

and carboxy peptidases which convert it to glycolic acid monomers 

[45,62]. There is possibly some enzyme mediated breakdown for PLA 

[63], and in some situations PCL can be degraded enzymatically (via 

enzymatic surface erosion [64]). 

Autocatalysis of degradation can occur in the centre of thicker material 

specimens as the degradation products, acidic end groups, cannot 

diffuse away from the site [33,60], 

For the semi-crystalline materials, degradation of the amorphous areas 

occurs first, giving an increase in crystallinity of the remaining 

material [60,65], then the crystalline phases degrade. 

The degradation causes a reduction in molecular weight which leads to 

a reduction in the mechanical strength, 

3. Loss of mass integrity: 

The polymer loses its cohesive strength and begins to fragment, 

4. Absorption: 

Further hydrolysis of the fragments occurs to a size that can be 

assimilated by phagocytes. Soluble monomeric anions (e.g. glycolate 

or lactate) then dissolve in the intercellular fluid (described in point 5 

below). 
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5. Elimination: 

PGA is converted to glycolic acid (which is present in the body 

normally) through hydrolysis. The glycolic acid is converted to 

glycine and then to serine and subsequently to pyruvic acid which 

enters the tricarboxylic acid (TCA) cycle and is converted to carbon 

dioxide and water and is removed via the lungs; glycolic acid 

monomers are also partly excreted in urine [35,45,66], 

PLA is broken down into lactic acid, the lactic acid is converted to 

pyruvic acid. This enters the TCA cycle and is converted to carbon 

dioxide and water and is removed via the lungs [35,66]. 

PCL is degraded to form a metabolisable intermediate, 6-

hydroxyhenanoic acid [67]. 

PGA is extremely hydrophilic and therefore degradation occurs rapidly. PLA 

is more hydrophobic (due to the presence of an extra methyl group which also makes 

it more amorphous and soluble in inorganic solvents [34,53]) and a weaker acid [39] 

than PGA and its degradation is therefore slower. PLLA degrades more slowly than 

poly(DL-lactide) (PDLLA); for example, manufacturer's data [36] states that PDLLA 

resorbs after 12 to 16 months whereas PLLA takes over 2 years. PCL degrades more 

slowly than PGA or PLA, with degradation times of over 2 years recorded [31,36]. 

PCL can be blended with many different polymers [34] to tailor its mechanical and 

degradation properties, e.g. copolymerisation with PLLA or PDLLA reduces the 

degradation time in comparison to the PCL homopolymer [68]. 

As can be seen in Figure 2.2, PGA is one of the stiffest polymers, with 

relatively high mechanical properties, it is also brittle [34]. However, these properties 

are not maintained for a very long period in vivo as noted above. 

Mechanical properties of PLA are shown in Figures 2.1 and 2.2. PLA has 

slightly inferior properties than PGA initially, but these are retained for a longer 

period in vivo. Engelberg and Kohn [34] and Kikuchi et al. [69] comment that for 

good mechanical properties, PDLLA and PLLA need a molecular weight in excess of 

100 000. Chu [46] notes that the inherent viscosity of lactide based polymers suitable 

for medical use is 1.5-5.0 dL/g in chloroform. 

PCL has a glass transition temperature of approximately -60 °C [31,34]; 

therefore it is rubbery at room temperature, unlike PGA and PLA which are below 
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their glass transition temperatures (approximately 35-60 °C [34]) at room temperature 

and therefore more brittle. This is illustrated in Figures 2.1 and 2.2 as it has relatively 

poor mechanical properties. 

Further details of polymer mechanical properties can be found in Table A1.2, 

Appendix 1. 

PGA can be melt-processed by extrusion or moulding and is relatively 

thermally stable [32]. As PGA is highly crystalline, it is not soluble in most organic 

solvents, only in highly fluorinated organic solvents [31], therefore the ability to 

process the material using solvents is limited. PLLA can be melt processed in the 

temperature range 200-250 °C, depending on the molecular weight; it is recommended 

that the time spent in the molten state is minimised because both PDLLA and PLLA 

should not be heated excessively in order to prevent monomer formation due to chain 

depolymerisation [32]. The effects of processing on PLLA are shown in Table 2.2 

which illustrates that processes such as extrusion can cause a high degree of thermal 

degradation. Taubner and Shishoo [70] examined the effects of moisture, processing 

temperature and residence time on PLLA processed by extrusion. They found that 

moisture caused the greatest reduction in molecular weight; an increased temperature 

reduced the molecular weight of dry specimens; and an increased residence time 

reduced molecular weight for both dry and moist samples, with the effect on dry 

samples being greater at higher temperature. PCL has a high thermal stability and is 

easy to process as it has a lower sensitivity to environmental conditions, e.g. 

temperature and moisture, than other commercially available bioresorbable polymers 

[71]. 

Author Initial 
molecular 

weight 

Process Temperature 
["C] 

Residence 
time 

% reduction in 
molecular weight [%] 

Weir et al. 
[72] 

460 700 extrusion 200 Quenched in 
water bath at 
24 °C after 
extrusion 

10 

Penning et 
al. [73] 

280 000 melt spin & 
hot draw 

210 30 min 64 

Fambri et 
al. [74] 

330 000 extrusion 240 10 min 67 Fambri et 
al. [74] 

110 000 hot draw 160 - 9 

Table 2.2: Effects of thermal processing on PLLA. 
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PGA and PLA are sensitive to 7-irradiation [31], in PGA doses as low as 1 

Mrad caused a large reduction in polymer molecular weight [48]. Doses of 2.5 Mrad 

^Co 7-radiation caused deterioration of Dexon® and Vicryl® sutures [48]. Poly(D,L-

lactide) (PDLLA) is adversely affected by 7-irradiation, resulting in a reduction in 

molecular weight and mechanical properties [67]. Ethylene oxide is usually used to 

sterihse these materials [75]. 

2.3.3 Copolymers 

In order to alter, for example, the mechanical properties and degradation 

characteristics of polymers, copolymers can be fabricated. There is no linear 

relationship between the physical properties of the source homopolymers and the 

resulting copolymers [53]. As previously discussed, PGA and PLA are some of the 

most widely used polymers; therefore copolymer discussion will be limited to these 

materials. 

25 50 75 
Mole % glycolide 

100 

(a) (h) 
Figure 2.4: (a) % Crystallinity for PLG copolymers of varying ratios [48]. (b) 
Degradation rate of PLLA/PGA composites, showing the half-life of radioactively 
labelled implants in a rat model [76]. 

Copolymers are less crystalline than their related homopolymers and therefore 

degrade faster. Copolymers of PLLA and PGA (PLG) with 25-70 mole % glycolide 

will be amorphous, as shown in Figure 2.4a [48]. For copolymers of PDLLA and 

PGA, if PDLLA is the major component then the copolymer will be amorphous [36]. 

The sequence of glycolic and lactic acid units in the copolymer linear chain affects 

degradation rate; the lactic and glycolic acid units can be arranged in blocks, 
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alternating units or their sequence can be random which accounts for variability in 

results of different studies to some extent [45]. A graphical representation of the 

degradation rate of PLG copolymers is presented in Figure 2.4b. These findings were 

corroborated by Cai et al. [77], who established that weight loss and decrease in 

inherent viscosity for PLG was greater for 50/50, less for 70/30 and least for 90/10 

mol% ratios of PLLA/PGA after immersion in PBS for up to 210 days. 

Valimaa and Laaksovirta [78] assessed a copolymer of 80/20 self-reinforced 

PLG for urological stents by immersion in PBS at 37 °C. Results of viscosity 

averaged molecular weight (Mv) are shown in Figure 2.5. The results show that the 

copolymer lost approximately 60 % Mv after 6 weeks. This degradation rate could 

have been reduced by increasing the initial molecular weight of the copolymer, which 

was below 100 000 Da (inherent viscosity 1.28 dl/g). Comparison of the rate of 

degradation of the copolymer in this study and that of Miller et al. [76] in Figure 2.4b 

illustrates the potential variation in results when comparing degradation 

characteristics of materials between different literature sources which ultimately used 

the same polymers, but with differences in properties such as molecular weights, 

crystallinities, manufacturing methods and testing regimes. 
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Figure 2.5: Decrease in viscosity averaged molecular weight of 80/20 self-reinforced 
PLG in vitro, based on [78]. 

The thermal degradation characteristics of poIy(L-lactide-co-glycoIide) 

copolymers of varying ratios were assessed by thermogravimetric analysis and 

compared to the homopolymers. The results showed that the copolymers could be 

melt-processed without excessive thermal degradation, provided moisture was absent 

[48]. 
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Ceramics are usually inorganic, non-metallic materials; bioceramics are 

ceramics that are used in the body to replace diseased or damaged tissues, they have 

been used in dentistry as restorative materials due to their inertness, compressive 

strength and aesthetic qualities [46] and extensively in orthopaedics for joint 

replacement, maxillofacial reconstruction, spinal fusion and bone fillers following 

tumour surgery [79]. Plaster of Paris (CaS04 2H2O) has been used for over 100 years 

in the treatment of skeletal defects [80]. Bioceramics can be polycrystalline (e.g. 

hydroxylapatite), glass (e.g. Bioglass®), or glass-ceramic (e.g. AAV glass ceramic, 

Ceravital®) [79]. 

Bioceramics can be [32,46,79]: 

1. bioinert 

e.g. alumina, zirconia, carbon 

2. bio active 

e.g. bio active glasses, glass-ceramics, hydroxylapatite 

3. resorbable 

e.g. calcium sulfate, coral, tricalcium phosphate. 

If a material is biologically inactive (bioinert) and is implanted in bone, there 

may be relative movement or micro-motion between the implant and bone and 

subsequently fibrous tissue of variable thickness can be formed around the implant in 

vivo-, these effects are undesirable as they can lead to clinical failure of the implant 

[79]. 

Bioactive ceramics are surface reactive, they attach directly to bone by 

chemical bonding in the form of a biologically active hydroxycarbonate apatite 

(HCA) layer. The rate of formation and the onset of crystallisation of the HCA layer 

varies greatly [79]. Bioactive ceramics are intermediate between resorbable and inert 

[79]. The bioactive materials may be classified as class A or class B. Class A 

bio activity is defined as when there is an extracellular and an intracellular response at 

the interface. It is an osteoproductive material. Class B bioactivity occurs when there 

is an extracellular response at the interface. The material is osteoconductive [22,23]. 

Class A and B bioactivity will form a mechanically strong bond to bone in 30 days 
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[23]. Generally, for bioactive ceramics, no fibrous capsule is present as the material 

adheres to the repairing bone. Chemical reactions occur at the surface, therefore the 

material retains its strength [23]. 

Resorbable ceramics are dissolved in vivo. The degradation rate is increased 

by increasing the surface area to volume ratio, reducing the crystallinity, decreasing 

the crystal and grain size, introducing crystal imperfections, and with ionic 

substitutions in some bioceramics [79]. 

This report will consider only the more common resorbable and bioactive 

ceramics, as both categories resorb in the body to some degree. 

In general, resorbable and bioactive ceramics exhibit excellent 

biocompatibihty, with the formation of a biologically active HCA layer, equivalent 

structurally and chemically to the mineral phase in bone, on the surface of the material 

that enables bonding to bone at the interface [23]. The interfacial bond strength with 

bone will affect the success of the implant in vivo. Table 2.3 shows that the glass 

ceramics and calcium phosphate ceramics have a stronger interfacial bond than 45S5 

Bioglass® (45S5 BG). The load as opposed to stress was reported because a true 

contact area between the implanted material and the bone could not be adequately 

calculated. 

Material n Pull apart in rabbit tibia - failure load 8 weeks post-implantation 
[kg] 

45S5 BG 4 2.75 Failure within material, possibly in silica gel layer 
AAV glass ceramic 8 7.43 Failure in bone 
Dense HA 8 6.28 Failure within bone (one failure in material) 
Dense /3-TCP 4 7.58 Failure in bone, in material, and at the interface of the two 
Rabbit tibial bone 8 11.96 

Table 2.3: Material interfacial strengths [81,82]. 

Ceramics often have an unpredictable, low tensile strength due to the presence 

of flaws and are susceptible to notches and micro-cracks because they are brittle; 

therefore they are not suitable for use in locations of significant torsion, bending or 

shear stress [46]. The mechanical properties of the different ceramics are compared in 

Figures 2.6 and 2.7, again it should be noted that the data is from different testing 

regimes which makes accurate comparison difficult. All the ceramics appear to have 

a compressive strength equal or superior to that of compact bone. However, it must 
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be stressed that the tensile strength of ceramics is poor. Figure 2.7 shows that 45S5 

BG has a Young's modulus that is most similar to that of compact bone, whereas the 

glass ceramics are much stiffer than bone. 
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Figure 2.6: Range of ceramic compressive strength in comparison to bone, based on 
[23,46,46,83-85]. 
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Figure 2.7: Range of compressive moduli for ceramics and bone, based on 
[22,23,46,83,85]. 

Various studies have compared the bioactivity of bioceramics. Oonishi et al. 

[86] compared the bone growth in rabbit femoral condylar defects for implanted 

synthetic hydroxylapatite (HA), A/W glass ceramic (A/W GC) and 45S5 BG particles 

over 24 weeks. Figure 2.8 indicates that 45S5 BG had the highest bioactivity, 

followed by A/W GC, with HA producing the lowest bone re-growth. 45S5 BG 
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resorbed faster than AJW GC, HA was not seen to resorb. This result regarding 

bioactivity is supported by Kokubo [85] and Hceda et al. [87]. 
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Figure 2.8: Percentage bone ingrowth into bone defect over time for 0 HA, A A/W 
GC, and o 45S5 BG [86]. 

A selection of resorbable and bioactive ceramics will now be considered in 

greater detail, a description of some of the ceramics not discussed in the following 

sections can be found in Appendix 1. 

2.4.1 Calcium carbonate (CaCOs) 

CaCOs is a resorbable ceramic which is available commercially in the form of 

a porous material from marine coral. It is available from Biocoral Inc. as Biocoral®, 

crystalline CaCOg or aragonite [88]. 

Natural coral has been found to be biocompatible, i.e. to resorb and be 

replaced by new bone in ovine and porcine models [89,90]. 

CaCOs has an unpredictable degradation rate (from months to more than one 

year) which possibly depends on the site. For example it seems to resorb faster in 

extraosseal sites, but when in direct contact with bone tissue there is slower 

resorption, giving time for bone ingrowth [91]. A more acidic environment has been 

found to increase the rate of dissolution of CaCOs, but dissolution of CaCOs increases 

pH [92]. 

Vuola et al. [91] considered Biocoral® with 50 % mean porosity in a rat model. 

The implants were tested with and without (the control group) bone marrow. At 3 

weeks (the first test post implant) some resorption had already occurred for the control 
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group implants and the mechanical properties were very low. By 6 weeks, the extent 

of deformation of the control group prohibited mechanical testing. The compressive 

strength and stiffness of the Biocoral® with bone marrow was comparable to 

cancellous bone up to 6 weeks, bone ingrowth strengthened the implant but it was 

never as strong as compact bone. 

Mechanical properties of CaCOs are shown in Figures 2.6 and 2.7. 

An apatite layer was formed on a composite of polylactide and CaCOs after 

immersion in simulated body fluid, indicating bioactivity [93]. 

2.4.2 Hydroxylapatite (HA) 

Hydroxylapatite (or hydroxyapatite) Caio(P04)6(OH)2, HA, has been used as a 

middle ear device, tooth root, percutaneous device; and for periodontal treatment, 

maxillofacial reconstruction, and bone defect repair [23]. HA is used clinically with 

and without autogenous bone chips to fill large bone defects. HA and collagen as a 

composite is known as Collagraft from Zimmer and is used for fixing long bone 

fractures. 

There are various forms of HA. uHA is not calcined (cHA) at 800-900 °C or 

sintered (sHA) at 1000-1400 °C [13]. cHA and uHA are more degradable than sHA 

[12], which can have a very slow or negligible resorption rate. It has a neutral pH in 

solution [13]. Coralline HA can be formed in a porous manner by a hydrothermal 

exchange process (the replamineform technique) from coral [45,94]. This slowly 

resorbing porous HA is used in patients for fracture management [94]. 

The biocompatibility of HA is illustrated by its extensive chnical use. 

Postoperative resorption of sHA (if any) is slow and slight and it is replaced by bone 

[95]. Disadvantages of sHA are that the particles tend not to stay in place in a 

bleeding site, and relatively slow bone regrowth is observed [95] as HA exhibits only 

osteoconduction [23]. At the interface between HA and bone there is a thin bond 

zone which results in a high stiffness gradient [79]. HA in bulk form can elicit an 

inflammatory reaction if it breaks down into particle form [12]. 

It is believed that following immersion of HA in simulated body fluid there is 

a partial dissolution of the surface releasing Ca^^, HP04^ and P04^ which increases 

supersaturation of the solution with respect to the stable (HA) phase. An HCA layer 

can form fi'om both the partially dissolved HA and the fluid, which contains other 
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electrolytes such as CO3 and Mg^^. The dissolution rate and bio activity are affected 

by the type, pH and degree of saturation of the immersion solution and by the 

structure of the HA — decreasing crystallinity, increasing surface area and increasing 

the number of defect sites (which are vulnerable to dissolution, especially those 

involving grain boundaries) increases the reaction rate [96,97], 

HA is brittle, and should not be used in torsion or bending load bearing 

applications [24]. The mechanical properties of HA are shown in Figures 2.6 and 2.7. 

2.4.3 Bioactive glass 

There are many forms of bioactive glass for biomaterials applications, 

however only the variations of the widely used composition known as Bioglass® will 

be discussed in detail in this section. The first clinical application of Bioglass® was in 

1984 in a middle ear prosthesis to treat conductive hearing loss. It has also been used 

for tooth roots, periodontal treatment (Perioglas®), maxillofacial reconstruction, and 

as a bone defect filler [23]. Bioglass® is currently produced commercially in powder 

and granular form. 

The reactions that occur in the bonding of bioactive glass to tissue are shown 

in Table 2.4. In Stage 1, there is a rapid exchange of Na^ or K"̂  with H^ or HaO"̂  from 

the solution: 

Si-O-Na^ + H+ + OH" ^ Si-OH^ + Na^(solution) + OH" 

In Stage 2, network dissolution occurs with the loss of soluble siUca in the form of 

Si(0H)4 to the solution, from the break of Si-O-Si bonds and the formation of Si-OH 

(silanols) at the glass-solution interface: 

Si-O-Si + H2O ^ Si-OH + OH-Si 

In Stage 3 a silica-gel layer is formed by the condensation and repolymerisation of a 

SiOz-rich layer: 

0 o 0 0 
1 I I I 

O — Si — OH + OH — Si — O - > O — Si — O — Si — Q + H2O 

I I I I 
O O o 0 

Stage 4 is the formation of an amorphous calcium phosphate layer where Câ "̂  and 

P04^' groups migrate to the surface through the SiOi-rich layer forming a CaO-PzOs-

rich film on top of the SiOi-rich layer, followed by growth of the Ca0-P205-rich film 
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by incorporation of soluble Ca and P from the solution. This can occur within 10 min 

of immersion for highly reactive glasses. 

Stage 5 details the crystalhsation of the amorphous CaO-PiOs film by incorporation 

of OH, CO]^, or F anions from the solution to form a mixed hydroxyl, carbonate 

fluorapatite layer. This can occur at approximately 1.5 hours for highly reactive 

glasses [79]. 

11 CRYSTALLISATION OF MATRIX 

10 GENERATION OF MATRIX 

t 
9 DIFFERENTIATION OF STEM CELLS 

0 8 ATTACHMENT OF STEM CELLS 

1 7 A ACTION OF MACROPHAGES t O 6 I ADSORPTION OF BIOLOGICAL MOIETIES IN HCA LAYER 

I i : 
I 1 L. 
S S BIOACTIVE GLASS 

CRYSTALLISATION OF HYDROXYCARBONATE APATITE (HCA) 

ADSORPTION OF AMORPHOUS Ca + PO4 + CO3 

POLYCONDENSATION OF SiOH + SiOH -» Si-O-Si 

FORMATION OF SiOH BONDS 

Table 2.4: The sequence of reactions occurring during the formation of a bond 
between bioactive ceramics and tissue [23]. 

The composition of melt derived 45S5 Bioglass® (45S5 BG) is (wt%); SiOz 

(45), P2O5 (6), CaO (24.5), NaiO (24.5) [98]. The Ca/P molar ratio is 5:1, bone 

bonding will not occur at a significantly lower ratio. A higher SiO^ and lower Na 

content results in a lower solubility therefore bioreactivity is reduced as is bone 

bonding. For example, if SiO^ is 45-52 wt% (as for 45S5 BG), the reaction rate is fast 

with the CaP layer and SiOi-rich layer forming simuhaneously and the material will 

bond to soft tissues and bone in 5-10 days. An HCA layer was found to form on 45S5 

BG in 3 hours in vitro and in vivo for this composition. 55-60 wt% SiOz is less 

bioactive, the Si-O] layer forms prior to the CaP layer and the material will bond to 

bone not soft tissue. The HCA layer forms after 2-3 days for these materials. Levels 

of SiOi at 60 wt% or above result in the formation of a non-adherent fibrous capsule 

and does not bond to bone or soft tissue [23,99,100]. 

An alkaline pH is present at the interface between the bioactive glass and bone 

[23]. When in contact with blood or saline the 45S5 BG forms a cohesive mass due to 

gel layer formation on contact with moisture [95]. 
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45S5 BG showed osteoconduction and osteoproduction, i.e. it exhibits class A 

bioactivity and can therefore bond to soft tissues [23,79]. Oonishi et al. [95] 

investigated particles of 45S5 BG and HA in a rabbit femoral defect over 12 weeks. 

45 S5 BG showed full restoration of bone after 2 weeks, HA showed full restoration of 

bone after 12 weeks. The rate of bone growth depends on species, implant site and 

particle size. 

45S5 BG does not resist cyclic loading or crack growth [22]. Use of bioactive 

glass in bulk form is probably only possible for compression situations due to the 

mechanical properties [99]. Ducheyne [99] questioned whether the response of a 

bioactive glass will be the same in a loaded situation as in an unloaded one. Evidence 

suggested that the material will bond; some reports of non-bonding to bone when 

under load have been reported. It is possible that if the reactivity is low (this is not the 

case for 45S5 BG) then micro-motion from repeated loading and unloading would 

prevent the glass from bonding; if the reactivity is high then micro-motion may break 

the forming bonds repeatedly, so the silicon rich layer is broken away from the bulk 

material, which will lead to all the silicon being leached out eventually and therefore 

no bond [99]. 

2.5 Summary 

This chapter has introduced the subject of biomaterials, concentrating on the 

synthetic resorbable polymers and ceramics. The materials have been described in 

terms of their biocompatibility, method and rate of degradation, mechanical 

properties, bioactivity and processability in order to establish how well each fulfilled 

the criteria described at the beginning of Section 2.2 for a successful biomaterial. 

Each of the materials described in this chapter had some limitations with respect to 

the design criteria and it can be concluded that the ideal material for bone replacement 

has not yet been developed. 
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3. COMPOSITES 

In this chapter, factors affecting the properties of composites will be 

introduced and the current research into biocomposite development will be presented. 

The chapter will conclude with the selection of materials which will be used in this 

research to develop a bone substitute material. 

Thomson and Hench [22] suggest that composites are the most likely material 

to obtain optimal mechanical properties while still retaining bioactivity. The addition 

of bioactive fillers to polymers is carried out to enhance their bioactivity, allow 

adequate control of degradation rate, and enhance their structural integrity and 

mechanical properties [101]. It has been shown that ceramic / glass phases included 

in or coated onto biodegradable polymers lead to a pH buffering effect [69,102,103]. 

Boccaccini et al. [101] note that the ideal scaffold and matrix material has not yet 

been developed. One can therefore propose that there is scope for the development of 

a novel successful biocomposite to act as a bone substitute material. Composite 

materials can take many forms; this study will consider the reinforcement of a ductile 

polymeric matrix by a ceramic / glass filler. 

3.1 Factors affecting composite biocompatibility and mechanical 

properties 

The reinforcing phase has a large influence on the matrix properties. 

Variables to be considered include biocompatibility, filler shape, filler size, quantity 

of filler, and the interfacial adhesion between the filler and the matrix. Many of these 

properties are inter-related. 

3.1.1 Biocompatibility 

ASTM F 1538-94 [104], ASTM F 1185-88 [105] and BS ISO 13779-1: 2000 

[106] give the permissible limits to trace elements in the material as in Table 3.1. The 

materials need to comply with these quantities in order to be safe to use in vivo. 
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Element ppm, max. 
As 3 
Cd 5 
Hg 5 
Pb 30 
Total heavy metals (as lead) 50 

Table 3.1: Limits to trace elements [104-106]. 

3.1.2 Particle shape 

The particle shape affects the mechanical properties of a composite. Particle 

shape affects the surface area available for interfacial bonding between the filler and 

matrix; generally a better bond yields superior mechanical properties. 

The aspect ratio of the reinforcing phase is an important variable in composite 

design; as the length-to-diameter ratio increases, the strength and stiffness of the 

composite increase. This is because the load applied through the matrix is transferred 

by shear at the fibre-matrix interface and therefore longer fibres have a larger 

interface for load transfer. Hence continuous fibre reinforced composites have 

superior mechanical properties, but these are difficult to process and have anisotropic 

properties. 

Short fibres are easier to process than continuous fibres. They have superior 

mechanical properties in comparison to the lower aspect ratio particulate fillers in 

general, but this can depend on the orientation of the fibres which can be difficult to 

control. 45S5 BG fibres are available, but the development of short fibres of HA is 

currently in its infancy. A limited number of studies have investigated this type of 

composite, very few utilised a resorbable matrix [28,107-109]. In order for the load to 

be transferred from the matrix to the fibres there needs to be sufficient interfacial 

adhesion. This is unlikely to be the case over time in vivo in a bioactive / 

bioresorbable composite, as there will be resorption of the filler and the matrix which 

will affect the interface. It has been suggested [13,110] that short fibres of 

bioceramics in biopolymers might cause inflammation due to the presence of fibre 

pieces following degradation. Due to the limitations associated with fibre 

reinforcement, it was decided that particulate fillers should be used as they ameliorate 

the mechanical properties in comparison to the unfilled polymer and they are easier to 

process than short fibres and are readily available. 

57 



Chapter 3. Composites 

Particle shape is very important in determining the flow and rheology of the 

melt, the stiffness of the composite, the tensile and impact strength and the surface 

smoothness of a component. Particles can act as craze initiators in composites; this is 

influenced by the particle shape, size and interfacial bond strength. Particle shape can 

take a number of forms as shown in Figure 3.1 [111], 

Particles need to roll or slip relative to one another to an extent in processing, 

otherwise the viscosity of the melt is increased. For example, spheres are easy to 

process but have little reinforcing effect, as the movement of the matrix is not 

substantially inhibited due to an aspect ratio of unity. 

Yield and ultimate tensile strengths increase with an increase in aspect ratio; 

but in order to maximise the toughness and impact resistance, low aspect ratios are 

required [111]. Therefore a balance between the processability, toughness, and 

impact resistance, and the reinforcement in terms of increased strength, must be 

found. 

f 

Figure 3.1: Typical particle shapes: (a) spherical, (b) irregular, (c) plate, (d) acicula, 
(e) porous aggregate (adapted from Rothon [111]). 

3.1.3 Particle size 

Particle size affects the surface area available for the interfacial bond which in 

turn affects the composite properties. Very small quantities of particles above or 

below a certain size can dominate certain properties [111]. 

Tensile, compressive and yield strength increase as the particle size reduces 

because the increased surface area enables more bonding with the polymer. Also (if 

the polymer wets the filler) the smaller particles act as nucleating agents for the 

crystallisation of the polymer giving better physical bonding at the interface. 

Composite elastic modulus is affected by particle size when the filler is strongly 

bonded to the matrix [110,111]. 
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Failure in a filled polymer generally occurs due to a flaw or defect. The 

Griffith theory is used to predict this: 

TIC 
Equation 3.1 

where df is the fracture stress, E is the stiffness of the matrix, 7f is energy required to 

form a unit area of fi-acture (this is due in part to the quality of the interfacial bond), c 

is the size of the defect (i.e. the particle size). Therefore it can be seen from Equation 

3.1 that a particle greater than a specific size, or a poor interfacial adhesion, will 

reduce the stress at which the composite fails. 

Tensile strength, elongation at break and impact strength can be increased 

when the degree of dispersion of fine particles is improved in a semi-crystalline 

polymer with equal quantity of filler, therefore it is important to ensure that the 

particles are homogeneously dispersed in the matrix. This can be difficult with small 

particles as they have a tendency to aggregate, this tendency depends on the chemical 

structure of the filler. Inorganic particles of several |im average diameter can form 

aggregates in excess of 100 |im. The smaller the particles, the more difficult it is to 

break the aggregates [110]. Particles in the size range of 0.2 - 50 |am are 

recommended [110] (preferably 1 - 1 0 |j.m) for HA. If the particles are too small then 

they easily aggregate. If particles of 50 |im are used, it is preferred that these are 

secondary aggregated masses of 10 |im as opposed to primary particles as a block this 

size would cause the material to be brittle [110]. 

If the particles are large and the composite surface has to be machined in any 

way, the surface finish is likely to be poor, i.e. it is difficult to make precise shapes 

with large particles [110]. 

Biocomposites with resorbable thermoplastic matrices normally use a particle 

size of less than 50 )im [12,13,69,112-114], generally with an average of 3 - 10 p,m. 

This may be primarily because the particulate fillers tend to be available 

commercially in this size range. 

Few studies regarding the effect of filler size on bioresorbable composite 

properties have been found. Verheyen et al. [114] investigated HA filler in a PLLA 

matrix. 30 wt% HA was used with particle sizes of less than 5 p,m or less than 45 p-m. 

As can be seen from Table 3.2, the larger particle size gave better properties. It was 

suggested that this result was due to the lack of apparent bonding between the matrix 
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and filler, therefore the particles acted as defects in the material, reducing the 

mechanical properties especially with the smaller particles as they resulted in more 

defects. 

C.S. 
[MPa] 

Ee [GPa] T.S. 
[MPal 

F.S. 
[MPa] 

< 5 urn 107 4.8 21 60 
< 45 nm 137 6.8 31 93 

Table 3.2: Effect of HA particle size on HA/PLLA composite mechanical properties 
[114]. C.S. = compressive strength, Ec = compressive modulus, T.S. = tensile 
strength, F.S. = flexural strength. 

Kikuchi et al. [69] considered a bioresorbable polymer matrix filled with /3-

TCP particles. TCPsoo was fired at 800 °C and yielded particles with an average size 

of 0.3 |im. TCP 1100 was fired at 1100 °C to give an average particle size of 1 p.m. 75 

wt% TCP was added to the matrix. Figure 3.2 illustrates the relative three-point 

bending strengths of the two composites after immersion in physiological saline for 

up to 24 weeks. It can be observed that initial strengths are similar, but the smaller 

particle size lost its strength faster than the larger size. This was postulated to be 

because the specific surface area of the TCPsoo is greater than that of TCPnoo and it 

therefore degrades faster. It may also be because the lower processing temperature 

may result in a faster degrading structure, as is the case for uHA as opposed to sHA. 

3-point 
bending 
strength 

-TGP1100 

TCPeoo 
Immersion time 

Figure 3.2: Indication of relative change in three-point bending strength for different 
sized filler particles after soaking in physiological saline, adapted from [69]. 

Therefore, a smaller particle size should give better mechanical properties as 

there is more surface area for interaction with the matrix. However, if the interaction 

is poor then the particle tends to act as a defect, smaller particles give more defects for 

the same volume and thus give poorer properties. Also, the increased specific surface 

area of smaller particles can lead to a more rapid degradation in mechanical properties 

during immersion studies. 
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3.1.4 Filler quantity 

The presence of a particle size range rather than one size enables a higher filler 

loading. Large particles (> 40 jam) tend to settle and have lots of space in between 

them [115] whereas using small particles to fill the gaps between large particles 

enables better packing. 

The composite elastic modulus increases as the filler volume fraction increases 

[111]; but this is not true for the tensile strength, toughness and elongation, therefore a 

balance must be obtained by increasing the stiffness without reducing the other 

properties excessively. 

The tensile strength is likely to reduce as the filler content increases [110]. If 

there is poor interfacial adhesion and if the matrix can be considered to be continuous, 

then the entire load is carried by the matrix and the tensile and yield strength are 

based upon the effective cross-sectional area and the strength of the matrix [111]. 

Composite toughness is likely to reduce as the filler content increases [110]. 

Maxwell et al. [116] found that the best Gic was at 20 - 30 vol% filler for rigid 

particulate filled epoxy polymers at approximately 37 °C. The main mechanism for 

increasing toughness was found to be crack pinning (whereby the cracks bow out 

between the particulate obstacles which 'pin' the cracks. This leads to an increase in 

the line energy of the crack fi-ont), low interfacial adhesion was found to impair this 

effect. 

The properties of the composite are highly affected when the distance between 

the filler particles becomes small. This is partly because the polymer chains may not 

have full fi-eedom of movement that they have in the bulk polymer. Also, if there is a 

shell of modified polymer adsorbed on the particle, then at some limiting space this 

shell will overlap with adjacent particle shells, this phase then dominates some 

composite properties. The critical distance of separation is likely to be some small 

number of radii of gyration of polymer chains (20-200 nm) [111]. Liter-particle 

spacing is determined by the size and volume fraction of particles present. 

High filler loading can increase the mechanical work done on the composite in 

processing. The resultant shear and temperature can cause a decrease in the polymer 

molecular weight. 
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For a bioactive ceramic / glass filler (e.g. HA), the level of bioactivity of the 

composite is proportional to the volume fraction of the filler. Loading to 

approximately 35 vol% enables the composite to stay ductile with a high fracture 

toughness and low modulus [117]. For HA, a filler loading of 10 - 60 wt% is 

recommended, ideally 30 - 40 wt% [110]. If less than 10 wt% is used, the volume 

fraction of the filler is low, and therefore so is the bioactivity. If more than 60 wt% is 

used, the processing is difficult as composite viscosity is high. There is insufficient 

matrix to bind the filler particles together, therefore the composite is brittle. For a 

HA-polyethylene composite, a HA filler content of 20-40 vol% produced a bioactive, 

fracture tough, modulus matching bone implant [118]. 

3.1.5 Filler-matrix interfacial adhesion 

Adhesion at the filler-matrix interface is critical for many of the composite 

properties. Adhesion may take a number of forms. Polymers have a higher thermal 

expansion than mineral fillers (20-30 times) [111], this leads to a residual stress in 

cooling and thus a mechanical interaction. Mechanical gripping can give the same 

properties as chemical bonding at low strains. Other types of interaction (e.g. 

chemical) may occur depending on the materials used. Wettability of the filler by the 

matrix indicates their compatibility; an energy barrier may resist the wetting of the 

filler surface [115]. 

The effect of the interfacial bonding on modulus is generally small; but tensile 

strength, yield strength, elongation, toughness, bending strength, and torsional 

strength are highly affected, increasing adhesion increases these properties [110]. 

A lack of interfacial adhesion leads to a reduction in the relative elongation 

because the filler can act as a craze initiator (depending on filler size, shape and 

interfacial bond strength); the crazes coalesce to forms cracks with a subsequent 

reduction in the elongation to break. This is at high loadings; at low loadings with 

poor adhesion elongation can increase due to crazing [111]. 

Coupling agents may be used to improve the interfacial adhesion [119,120], 

but this is an emerging area of research and in some cases the biocompatibility of 

these chemicals has yet to be demonstrated [24]. 
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3.1.6 Summary of variables affecting composite properties 

In order to obtain acceptable mechanical properties, a good matrix-filler 

interface, with relatively small particles, and a relatively slowly degrading filler 

material is required. 

3.2 Current particulate-reinforced composites 

Some composites have been created that involve non-resorbable matrices; e.g. 

high density polyethylene (HDPE) and HA [121,122] which is used clinically for 

middle ear prostheses and orbital repair [123], HDPE and 45S5 BG [124] and 

polysulfone and bioactive glass fibres [107]. There are currently many different 

biocomposites with resorbable matrices being developed therefore for brevity, only 

those consisting of a PLA matrix with the fillers discussed in Section 2.4 will be 

considered henceforward. A summary of the mechanical and degradation properties 

of selected composites is shown in Table 3.3. 

Some studies examining composites of PLA and CaCOs were found. Kasuga 

et al. [125] considered PLLA and CaCOs, mechanical properties of the composite are 

detailed in Table 3.3. In vitro assessment of this composite showed that it was 

covered with an HCA layer after only 1 day in SBF at 37 °C. Schiller et al. [126] 

developed biodegradable implants for use in the skull which consisted of a solid 

PLLA/CaP outer shell with a porous PDLLA/CaCOs faster resorbing inner, the 

structure was found to buffer demineralised water within physiological range over 250 

days, and human osteoblasts were shown to proliferate well over 4 weeks culture on 

the composite. 

Extensive studies of forged PLLA and either uHA or cHA have been carried 

out by the Takiron Co. Ltd., Japan. Forged PLLA-uHA composites have been 

developed into miniscrews (30 wt% uHA) and miniplates (40 wt% uHA) (Super-

Fixsorb-MX®, Takiron, Japan) for oral-maxillo, craniofacial, plastic and 

reconstructive surgery [127]. The forged PLLA-40 wt% uHA composites have also 

been examined for use as spinal interbody fusion cages [128] where they compared 

favourably to existing products. The composite material resulting from this research 

was found to exhibit the highest overall composite mechanical properties found in the 
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literature to date (see Table 3.3) and an HCA layer was found to cover the material 

surface after 7 days in SBF at 37 °C [13]. An in vivo study in rabbits showed that 

both forged PLLA-cHA and PLLA-uHA (30 wt%) retained 80 % bend strength after 

25 weeks [12] with no inflammatory cells detected. A fibrous tissue layer was found 

to form around some samples after 4 weeks; this is undesirable as it will inhibit the 

integration of the implant with the surrounding bone. A PLLA-50 wt% sHA 

composite manufactured by Verheyen et al. [114] exhibited over 70 % flexural 

strength loss within 3 weeks in both PBS and in a goat model. The difference in the 

degradation rates of this work and the study by Furukawa et al. (Takiron Co. Ltd.) 

[12] may be explained by the different manufacturing methods, where Furukawa et al. 

used a special forging technique to additionally reinforce the composite. 

PLLA with jS-TCP is available commercially as a graft fixator for use in 

anterior cruciate ligament reconstruction, it is known as the Bilok® Screw 

(Biocomposites Ltd, UK) and has been in clinical use since 1998 [129]. Jones et al. 

[130] studied PLLA with 10 vol% TCP in vitro and in vivo in a rabbit model. The 

samples tested in vivo showed a similar degradation trend to the in vitro samples 

(Table 3.3), but over a shorter timescale - tensile strength fell gradually from 48 MPa 

initial value to 42 MPa over 16 weeks and reached 32 MPa at 24 weeks, no adverse 

tissue response was observed. 

The principle of incorporating 45S5 BG particles as fillers in biodegradable 

polymers was patented by Boyan et al. (US Patent 5,977,204, 1999) for a porous / 

non-porous therapeutic implant material [131]. Lu et al. [112] investigated 50/50 

poly(lactide-co-glycolide) with 75 wt% 45S5 BG to create porous discs. Mechanical 

properties were low, as shown in Table 3.3. These implants formed a calcium 

phosphate layer after 7 days in SBF. Boccaccini et al. [101] found that slurry coating 

PDLLA/45S5 BG foams with 45S5 BG increased the degree of coverage of the HCA 

layer, which Roether [132] found developed on these materials after 7 days in SBF. 

Sharifi-Yazdi [4] investigated the use of 85/15 poly(DL-lactide-co-glycolide) with 

45S5 BG, the optimal balance of tensile and compressive properties was found to be 

at 30 vol% 45S5 BG, mechanical properties are shown in Table 3.3. The composites 

were found to lose 94 % compressive strength and 97 % compressive modulus in 9 

weeks, the inclusion of 45S5 BG was found to keep the pH alkaline during 

degradation. 
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Table 3.3 shows mechanical and degradation properties for various 

composites. 

Author Porosity 
[%] 

Matrix Filler Initial mechanical Degradation characteristics 
properties 

Degradation profile (y-axis = 
mechanical property, x-axis = 
degradation time). Not to scale. 

Kasuga et 12 PLLA 30wt% Sb = 50 MPa 
al. [125] CaCO] Eb = 4 GPa 

& Okuno 
[13] 

(forged) 
Sb >200 MPa at 24 weeks. 

uHA Eb = 12.3 GPa 
S c = 115.3 MPa 
Ec = 6.5 GPa 
St =103.0 MPa 
Et = 2.4 GPa 

Verheyen 
etal. [114] 

Ignjatovic 
etal. [133] 

PLLA 

PLLA 

50 wt% 
sHA 

80 wt% 
calcium-
HA 

Sb = 74.7 MPa Sc = 
77.7 MPa 
Ec = 6.2 GPa 
St = 10.3 MPa 

Sc = 123 MPa 
Ec = 9.7 GPa 

Sb dropped greatly by 3 weeks to 
approximately 10 MPa, then 
continued to degrade at a slower 
rate. Sb was in the region of 2 MPa 
at 26 weeks. 

weeks 52 

Sb 
[MPa| 

weeks 52 

Jones et al. 
[130] 

PLLA 10vol% St = 46 MPa St maintained within 90 % of initial 
TCP values for 24-26 weeks. No 

measurable strength at 40 weeks. 

weeks 36 

Kikuchi et 
al. [69] 

Copoly- 75 wt% (3- Sb =46 MPa Sb decreased immediately then 
merised TCP fired reached a plateau at 8 weeks (about 
PLLA at 1100 °C 30 MPa) until at 24 weeks the test 

was stopped. 

weeks 24 

Ignatius et 
al. [134] 

42 70/30 
poly(L,DL-
iactide) 

45 wt% Sc = 12.5 MPa Sc showed a slight initial increase 
a-TCP Be = 0.65 GPa then more-or-less constant until 26 

weeks. Decreased steadily until 
properties were lost at 52 weeks. 

weeks yg 

4 5 w t % Sc = 8.3 MPa Mechanical properties of GB9N 
GB9N Ec = 0.59 GPa were always lower than GB14N, 
rapidly but both had similar degradation 
resorbable slopes. There was an initial drop in 
glass Sc, then roughly constant to 12 
ceramic weeks. Subsequently, a steady drop 

Sc = 10.9 MPa in properties until 52 weeks when 
Ec = 0.46 GPa the composites were completely 

broken down. 

45 wt% 
GB14N 
rapidly 
resorbable 
glass 
ceramic 

weeks 78 

weeks 78 

Lu et al. 
[112] 

43 

Sharifi-
Yazdi [4] 

50/50 
polylactide-
co-glycolidc 

75 wt% 
45S5 BG 

Sc = 0.42 MPa 
Ec = 0.05 GPa 

85/15 Poly 30vo l% Sc = 4 1 M P a Compressive properties dropped 
(DL-lactide- 45S5 BG Ec = 1.9 GPa greatly over 3 weeks and then 
co-glycolide) St = 17 MPa plateaued until 9 weeks. Sc = 2.5 

Et = 0.7 GPa MPa, Ec = 0.1 GPa at 9 weeks. 

weeks 9 

Table 3.3: Mechanical properties and degradation profiles of selected biocomposites. 
Sb = bending strength, Eb = bending modulus, Sc = compressive strength, Ec = 
compressive modulus, St = tensile strength, Et = tensile modulus. 
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3.3 Materials recommendations 

A particulate-reinforced composite was considered to be the material with the 

greatest potential to provide a successful biomaterial because it would enable the 

properties of a ductile polymer matrix and a bioactive ceramic/glass filler to be 

adapted and tailored to suit the specifications established in Section 2.2. 

The polymeric material was chosen from the commercially approved 

bioresorbable materials, as these are more common and there would be fewer 

complications should the composite reach clinical trials and require regulatory 

approval. PCL was selected as the initial polymer matrix material, this would be used 

to establish the fabrication and test protocols as it was less expensive than PGA or 

PLA and was more thermally and hydrolytically stable. A copolymer of 95/5 Poly(L-

lactide-co-glycolide) (PLG) was chosen for use in the development of the composite 

as the mechanical properties would be higher than most other polymers, as shown in 

Figures 2.1 and 2.2 and Table A1.2. Degradation time would be less than PLLA, but 

substantially longer than PGA. It is very difficult to predict the precise degradation 

time as it depends on many interrelated factors (including the effects of the filler 

materials), but it was believed that this combination of PLLA and PGA would retain 

some structural integrity for approximately 6 months, as shown in Figure 2.4b. This 

duration approximates to the healing times for bone fractures and clinically treated 

nonunions and osseous defects as noted in Section 1.2. Copolymerisation reduces the 

crystallinity of the polymer, this may aid in reducing any foreign body reaction from 

crystalline debris. 

When examining the literature to select the filler material, it was noted that 

although many composites had been assessed, direct comparison of properties was 

difficult because different matrices, processing methods and testing regimes had been 

used. A limited number of comparative studies were found but these were not 

comprehensive. It was therefore decided to choose four filler materials (the selection 

was limited to four due to financial and time constraints) and to compare the 

properties of these within the same polymer matrix, using similar processing routes 

and testing regimes. The four fillers selected were CaCO], sHA, 45S5 BG and ICIE4 

BG (an in-house bioactive glass). The fillers had different degrees of resorbability; 

CaCOs was resorbable, sHA exhibited negligible resorption, 45S5 BG was highly 
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bioactive and ICIE4 BG was a lower sodium glass and therefore less bioactive than 

45S5 BG. CaCOs, sHA and 45S5 BG have been used in vivo. 

CaCOs was chosen because it was readily available and inexpensive. sHA had 

a chemical structure similar to that of bone, and was used frequently as a filler 

material. Sintered HA was chosen because it resorbed at a very slow rate and should 

therefore maintain its interfacial bond for a longer period of time. Also, the shape of 

the sHA matched the CaCOs more closely than non-sintered HA particles which is 

desirable for comparison purposes. 45S5 BG was selected because it was highly 

bioactive and readily available. ICIE4 BG was chosen to estabhsh the effect of using 

a bioactive glass with a lower degree of bioactivity than that of 45S5 BG on the 

properties of the composite. 

25 vol% filler would be used, as this was expected to be sufficient to retain 

bioactivity and optimal mechanical properties (as described in Section 3.1.4), while 

allowing the composite to be easily processed. 

Analysis of the different composites will enable selection of the composite 

which fulfils the criteria established in Section 2.2 to the greatest degree. This 

biocomposite will then be used in scaffold fabrication trials. 
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4. PROCESSING EQUIPMENT AND ANALYSIS 

TOOLS 

This chapter describes the processing routes used to manufacture polymer and 

composite specimens and the major analysis methods which were employed to assess 

the properties of the specimens. 

4.1 Processing equipment 

4.1.1 Extrusion 

A micro-extruder (DSM Micro Equipment, Geleen, The Netherlands) was 

used to mix the bulk composite materials. Key parameters of the machine are detailed 

in Table 4.1. 

Overall capacity [cm^] 5 
Screw length [mm] 107.5 
Screw speed [rpm] 10-360 
Maximum temperature [°C] 350 

Table 4.1: DSM micro-extruder specifications [135]. 

The extruder was a twin-screw extruder; the screws were conical in design and 

co-rotated. This screw design had the benefits of facilitating a good supply of 

material, adequate compression and high pressure at the outlet of the machine [135]. 

Details of the barrel design are depicted in Figure 4.1. 

The extruder was controlled using DSM Research TSI MICRO-EXTRUDER 

vl.05 4-98 software. Automatic recording of the barrel temperature, screw speed, 

torque and force on the load cell were made by the software once per second for 

analysis post-processing. The load cell (AST GmbH, Dresden, Germany) was a strain 

gauge load cell; the software recorded the force to the nearest integer value. It 

recorded the force that was created as a result of the action of the screws moving the 

material downwards through the barrel, causing a force on the barrel and an opposite 

force on the screws. This force would be reduced if the material began to degrade, 
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and may increase if cross-linking occurred [135]. The extruder would shut down if a 

maximum force of 4 kN was reached, therefore limiting the viscosity of the material 

which could be processed. Argon was used to purge the barrel thus preventing 

oxidation of the material. 

CONICAL CO-
ROTATING SCREWS 

FEED HOPPER 
HOUSING 

RECIRCULATION 
CHANNEL 

NOZZLE 

LOAD CELL 

a) b) 

Figure 4.1: Micro-extruder, a) Entire extrusion machine (screws disconnected and 
barrel open), b) Detail of the left half of the barrel with screws in situ. 

The inter-extrusion repeatability of the load cell force measurements was 

assessed for samples of PLG with 25 volume % CaCO] using the same extruder 

settings and material quantities each time. Variation in manual barrel filling time and 

filling rate affected the commencement of the measured force increase, as shown in 

Figure 4.2. 
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Time from c o m m e n c e m e n t of 30 rpm s c r e w s p e e d [s] 

Figure 4.2: Inter-extrusion repeatability of the load cell. 
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Repeatability of the force measured by the load cell between extrusions was 

high as shown in Figure 4.2, where at 140 s the force readings had a range of 1060-

1156 N, i.e. 96 N. 

4.1.2 Transfer moulding (TM) 

Transfer moulds were made^ to facilitate the fabrication of tensile and 

compression test pieces as per BS EN ISO 527-2:1996 [136] and BS EN ISO 

604:1997 [137]. Tensile dogbone (2 x 2 x 10 mm, width x thickness x gauge length) 

and compression ( 5 x 3 x 6 mm, width x thickness x height) specimens were produced 

by TM. The moulds are depicted in Figure 4.3. 

Air vent 

Runner 
Reservoir 

TOP PLATE 

Screw holes 

Test piece shape 

CENTRAL PLATE 

Air vent 

Runner 
Reservoir 

TOP PLATE 

Screw holes 

Test piece shape 

CENTRAL PLATE 

PLUNGER 

RESERVOIR 

RUNNER 

VENT 

MOULDED SPECIMEN 

BOLT 

(c) (d) 

ASSEMBLED PLUNGER 
MOULD 

Figure 4.3: (a) Tensile test piece mould, (b) compression test piece mould, (c) 
schematic of mould cross-section, (d) mould in situ in the press. 

^ In collaboration with Mr S. Lamoriniere, Chemical Engineering Department, Imperial College 
London. 
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For transfer moulding, sufficient volume of material to fill the mould, plus 20 

vol% for wastage, was added to the reservoir of the assembled mould with mould 

release film (Kapton® 300HN polyimide film (Katco Ltd., UK)) above and below the 

cavities and a light coating of silicon mould release spray (Teflon® release agent 

(SOLVITOL®, Solvitol Ltd., UK)) in the cavity and reservoir to aid sample removal. 

The mould assembly and plunger were placed on a hot plate with a thermocouple in 

the reservoir to measure the temperature of the composite powder. The composite 

was heated to the desired temperature. Once this was reached, the mould was 

transferred to a press (Moores Presses Ltd, Birmingham, UK) at ambient temperature 

where the platens acted as heat sinks for the mould, the plunger was set in place and 

the unit was compressed at a rate of 0.5 kN/s until a pressure of approximately 0.2 

kN/mm^ was reached. This pressure was maintained until the mould cooled to 

approximately 30 °C (approximately 6-7 min). The mould was then disassembled, 

and the moulded specimens were removed from the cavities by means of a sharp tap. 

PLG4B shattered using this technique, it was therefore warmed on the hot plate until 

it became slightly soft, and was pushed from the mould. PCL-based specimens were 

immersed in liquid nitrogen for approximately 60 s before removal to reduce their 

temperature below the glass transition, which caused the material to be more rigid and 

easier to remove from the mould. 

The force gauge of the press (from which pressure was calculated) was in 

arbitrary units; these were therefore converted to a known force using a portable 50 

kN load cell (53 type, RDP Electronics Ltd., Wolverhampton, UK. Bonded foil 

gauge. 20,000 lbs max. capacity, linear error (max.) = ± 0.25 % frill scale, non-

repeatability (max.) = ± 0.1 % full scale). The load cell was calibrated by 

compressing in an EZ-50 materials test machine (Lloyd Instruments, Hampshire, UK) 

to 25 and 35 kN to enable conversion of the load cell display in volts [V] into force 

[N]. The load cell was then placed into the press and press and load cell data were 

recorded and plotted to obtain a conversion for the arbitrary units, as shown in Figure 

4.4. This was carried out in duplicate to ensure that the data was correct. 
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2 0 -1 
y = 10.089X-3.0837 
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0.5 1 1.5 2 2.5 

Hot Press Readout [arbitrary units] 

Figure 4.4: Calibration of the press force readout using a load cell. A trendline was 
plotted on the graph to obtain an equation to convert the arbitrary press values into 
force [N]. 

4.1.3 Compression moulding (CM) 

Compression moulding (CM) of a flat sheet was carried out using an in-house 

fabricated aluminium mould with Kapton® 300HN polyimide mould release film 

(Katco Ltd., UK) top and bottom, as shown in Figure 4.5. The resulting moulded flat 

sheet was used to create three-point bend samples for dynamic mechanical analysis 

(DMA) and specimens for cell culture. 

MOULDED SPECIMEN 
BOLT 

Figure 4.5: (a) Compression mould with Kapton® liner (top Kapton® sheet not 
shown), (b) Schematic of mould cross-section, (c) Mould for 'thin' DMA specimens. 
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Material was added to the cavity of the mould with 20 vol% extra for wastage 

and heated as for transfer moulding. The pre-heated top of the mould was then placed 

in situ and the unit was compressed to approximately 0.83 N/mm^ and post-processed 

as for the TM process. PLG4B did not require re-heating to facilitate removal from 

the mould for CM. 

Bars of material were cut from the sheet for DMA testing. In all cases, a 3 

mm border was cut from the sheet to remove any material affected by the edges of the 

mould. PCL-based samples were cut using a rule and a craft knife. PLG-based 

samples were placed in a vice with soft grips coated with masking tape to improve 

ftiction, with 4.5 mm protruding (3.5 mm sample plus 1 mm blade width, measured 

using slip gauges). The top face of the vice was used as a guide as the samples were 

cut using a junior hacksaw. Sample edges were smoothed using a file, then 600, 1200 

and 4000 grade silicon carbide paper to remove any manufacturing marks on the 

edges. Samples were then cut to 24 mm length using a craft knife; these edges were 

sanded with 1200 grit silicon carbide paper. Three-point bend test specimens were 

therefore produced for DMA measuring 24 x 3.5 (range 3.08 - 4.12) x 1.7 (range 1.63 

-1.87) mm approximately. 

For thin DMA specimens, the mould shown in Figure 4.5c was used with 

Kapton® 300HN polyimide mould release film beneath. PLG powder was added to 

this mould with mould release film placed on top. Heating, compression and post-

processing of the moulded sheet was carried out as for the thicker specimens. 

Specimens were cut with a rule and craft knife to approximately 24 x 3.5 (range 3.36 -

3.76) X 0.95 (range 0.92 - 0.99) mm. 

Compression moulded sheets for cell culture specimens were marked with 

permanent marker on the lower face to identify the side for cell culture to minimise 

variations in surface morphology caused by the moulding process. Specimens were 

cut from the moulded sheets using a junior hacksaw to approximate dimensions of 8.5 

X 8.5 mm. Again the cell culture surfaces which corresponded to the bottom face of 

the mould were marked with permanent marker. These were then milled to 

approximately 8 x 8 mm to fit into a 48-well cell culture plate. The edges of the 

specimens were sanded using 1200 grade silicon carbide paper and any loose material 

was removed with tissue. Error in sample dimensions was assessed by measuring four 

samples per material with digital callipers (Mitutoyo Absolute Digimatic, Mitutoyo, 

Hampshire, UK, 0.01 mm resolution) at three approximately equidistant points along 
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each of the sides. The average of the three values per side was compared and a range 

in measurements of 7.5-8.9 mm was found. 

4.2 Analysis equipment 

4.2.1 Microscopy 

In scanning electron microscopy electrons from a cathode are accelerated 

towards an anode and focussed on the specimen surface with a spot size of 1-5 nm 

[138]. The beam is moved in a raster pattern across the specimen surface. When 

these primary electrons contact the specimen surface, the atoms in the sample scatter 

them to form a teardrop-shaped volume beneath the surface, reaching a depth of 

approximately 0.1-10 jum [139]. Interactions within this volume cause electrons such 

as secondary and backscattered electrons and x-rays to be emitted. The electrons are 

then detected and an image is generated. If the SEM has energy dispersive x-ray 

analysis (EDAX) capabihties, the x-rays may be detected. 

Secondary electrons are low energy electrons which originate within a few 

nanometres of the sample surface, they are most commonly used for imaging surface 

topography and can give a resolution of less than 1 nm [138]. Backscattered electrons 

penetrate more deeply than secondary electrons. They have an important function in 

detecting areas of different material composition when the average atomic number 

differs. This is useful to see the different components of a material. X-rays 

characteristic of the different elements within a material can be detected in ED AX and 

used to analyse the material composition. 

When using the JEOL JSM-5300 SEM, Spirit version 1.06.02 software 

(Princeton Gamma-Tech, Inc., NJ, USA) was used to collect the images. A copper 

grid with repeating units of 12.7 |j,m and 254 |a,m was used to verify the accuracy of 

the software scale bar for the micrographs. 
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Particle size of powders was characterised using two particle size analysis 

machines, a CILAS 1064 and a CILAS 1180 Particle size analyser (PSA) (CILAS, 

Orleans, France). 

A PSA is used to determine the distribution of the particle size of, for 

example, powders and suspensions. Diffraction and diffusion of a laser beam is used 

to determine the particle size. The diffraction pattern of the laser at a finite distance is 

observed by placing a lens between the laser source and the detector. The diffraction 

patterns of particles with the same size then converge at the same point on the detector 

irrespective of their location with respect to the lens. The diameter of the particle can 

then be deduced ixom the pattern on the detector [140]. 

For larger particles (in comparison to the wavelength of the laser which is in 

the region of 600-850 nm), a theory called the Fraunhofer theory, which considers 

laser diffraction, is used to determine the particle size. For smaller particles, the Mie 

theory is used which considers both diffraction and diffusion of the laser beam. 

Assumptions are made in the processing of results which is carried out by algorithms 

in the equipment. The assumptions are [140]: 

i. Particles are spherical, opaque and not porous. 

ii. Particle diameter is greater than the wavelength. 

iii. Particles are sufficiently distant from one another during analysis. 

iv. There is random motion. 

V. Diffraction of the light occurs with the same efficiency for all the 

particles. 

The CILAS 1064 PSA can analyse particles in the range of 0.04-500 x̂m 

(CILAS 1180: 0.4-2500 pm) in liquid mode. Less than 5 g of powder is required for 

analysis in the liquid mode. Dispersion of the particles in water was attained by the 

use of a mechanical stirrer and ultrasound (60 s) with one drop of Teepol added to aid 

dispersion. The computer interface with the PSA was via software called 'The 

Particle Expert', version 2.12 was used. 

The particle size, the cumulative percent (by volume) at or under that size, and 

the normalised population density were recorded. The normalised population density 

was calculated by the software using Equations 4.1 and 4.2: 
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{ Q ? ~ Q I ) 

" ' " l o g C x ^ / x , ) Equation 4.1 

where q'2 is the population density at particle size X2, with cumulative frequency Q2, 

and xi is the preceding particle size. Log in the denominator is used for scaling 

purposes. 

q^ =100 Equation 4.2 

where qa is the normalised population density in % at particle size xz and Eq' is the 

sum of the population densities. 

4.2.3 Differential thermal analysis (DTA), Differential scanning calorimetry 

(DSC) & Thermogravimetric analysis (TGA) 

The structure of a polymer can be analysed using the thermal techniques of 

DTA and DSC which can reveal characteristics such as glass transition temperature 

(Tg), crystallisation temperature (Tc) and melt temperature (T^). An idealised 

thermogram for a semi-crystalline polymer is shown in Figure 4.6. 

Oxidation 

Exothermic 

Endothermic 

Crystallisation 

Glass 
Transition 

Melting 

Temperature [°C] 

Figure 4.6: Typical DTA graph for a semi-crystalline polymer analysed in air (based 
on [141]). 

Semi-crystalline polymers have both an amorphous and a crystalline 

component. The amorphous component is affected at the glass transition temperature 

(Tg) and the crystalline component is affected at the crystallisation temperature (Tc) 

and the melting temperature (Tm). 

hi an amorphous solid there is an associated free volume which relates to the 

space between the molecules within the solid. The molecules have thermal motion -

at low temperatures they can be considered to vibrate about a mean point within a 

76 



Chapter 4. Processing Equipment and Analysis Tools 

cage of the neighbouring molecules, this is below the glass transition temperature 

when the material is in a glassy state and is essentially frozen. The vibrations of the 

molecules create free volume in addition to the inherent free volume. As the 

temperature is increased, the molecules vibrate more and the free volume is increased 

(this is related to the coefficient of thermal expansion of the material). The glass 

transition temperature is the point at which there is sufficient free volume so that the 

molecules can move relative to one another [142]. 

As the temperature increases, the viscosity decreases. Semi-crystalline 

polymers may exhibit cold crystallisation at Tc whereby the molecules which did not 

crystallise during prior thermal processing begin to crystallise. Crystallisation occurs 

below Tm. The crystals grow by accretion of segments onto stable nuclei either by 

heterogeneous nucleation (from the surfaces of wettable adventitious impurities) or 

homogeneous nucleation (from aggregation of polymer segments below T^ or from 

crystalline regions present in the polymer) [143]. Further heating results in the 

breakdown of crystals at Tm. 

Tg is characterised on a thermogram by a step increase in the specific heat, as 

shown in Figure 4.6. An exothermic peak before Tg is due to stress in the material, 

e.g. after quenching or following compression during cooling as in injection 

moulding. Restricted molecular reorganisation to a more stable conformation occurs 

as Tg is approached and it is this which causes the decrease in specific heat. An 

endothermic peak after Tg is due to enthalpy relaxation. If the storage temperature is 

only a few tens of °C below Tg, the glassy polymer gradually relaxes to a more stable 

state with a corresponding drop in enthalpy and changes in mechanical properties. 

The effect can be removed if the sample is reheated above this temperature [144]. Tg 

can be calculated in a number of different ways, one manner is to extrapolate the two 

specific heat (Cp) lines and find the point where half of the Cp increment has occurred 

and intersects the thermogram, as illustrated in Figure 4.7. This is known as the half 

Cp extrapolated method. 

Endothermic 

Exothermic 
Temperature 

Figure 4.7: Calculation of Tg using %Cp extrapolated method. 
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Tc is expressed as an exothermic peak, the peak value is recorded. Tm has an 

endothermic peak which is associated with the latent heat of fusion at Tm [142] and 

again is described by the temperature at the peak. 

Tg is affected by the molecular weight of the polymer because the ends of the 

molecular chains have more mobility than the centre and effectively have more free 

volume. For a lower molecular weight polymer there are more chain ends per unit 

volume and therefore the free volume is increased and Tg decreased. This effect is 

generally seen when the molecular weight is very low (up to around 1000-10000 

g/mol [144]), and is described by Equation 4.3 [145,146]. 

T = T " Equation 4.3 

® ® Mn 

where Tg°° is the Tg of the polymer with infinite molecular weight, K is a constant 

related to parameters describing the free volume, and Mn is the number average 

molecular weight. There are limits to this equation; it does not explain the molecular 

weight dependence of ring-like molecules which have no ends [142]. 

Molecules with stiffer chains have a higher Tg as do those with greater 

intermolecular interactions because there is less free volume. Copolymerisation 

results in a Tg between the individual homopolymer TgS, if phase separation occurs 

then different TgS will be present for each of the phase separated areas. Any cross-

linking or crystallisation will increase Tg because the movement of the amorphous 

chains is restricted [142]. An increase in the cooling rate during processing will 

increase Tg [147]. 

Tc occurs above Tg and is affected by the rate of cooling. A slower rate of 

cooling allows the molecules more time to form crystalline regions. Smaller simpler 

molecules crystallise more quickly than larger molecules because the larger molecules 

need to undergo more reorganisation before crystallisation can occur [143]. 

Tm is usually considered to be the temperature at which the crystals with the 

highest Tm melt. It depends on the size and perfection of the crystals - larger crystals 

are formed over a longer period of time. Larger more perfect crystals have a higher 

Tm. The chain ends of the molecules can cause imperfections or may not be 

incorporated in crystals, this reduces Tm i.e. a higher molecular weight polymer has 

fewer chain ends per unit volume and therefore a higher Tm but this increase in Tm 

with molecular weight reaches a plateau at high molecular weight. In polymers, there 

is a range in Tm because of differences in crystal size and perfection. Lower Mw 
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polymers melt and crystallise over a narrow temperature range. Tm also depends on 

the chain flexibility and intermolecular forces [143]. 

The thermogram is affected by the heating rate of the test. A slower heating 

rate will influence Tg, allows cold crystallisation to occur, and can affect Tm- In some 

cases a double peak can be observed at Tm. The first endothermic peak is melting 

related to the prior thermal history, this is followed by recrystallisation of the material 

(exothermic peak) and the second endothermic peak is the melting of this 

recrystallised material. A faster heating rate may prevent crystallisation and yield a 

single Tm peak [147]. 

In differential thermal analysis (DTA) a sample and reference material are 

heated in a furnace at a controlled rate. The temperature of each is recorded and the 

difference in the temperature is used to provide an indication of the endothermic and 

exothermic processes occurring within the sample material. The test atmosphere may 

be inert or air. An inert atmosphere can prevent processes such as oxidation from 

occurring. Factors such as sample size and shape can affect the thermal degradation 

rate in air, as different samples will have different surface areas which can react with 

the air. 

Differential scanning calorimetry (DSC), in this case power-compensation-

DSC, uses similar principles to DTA but instead of measuring the temperature 

difference between the sample and the reference material, the power required to keep 

the temperature of the two materials identical during heating in separate furnaces is 

recorded. This enables quantitative evaluation of the heat input to or output from the 

sample during heating because the amount of power required to keep the temperatures 

of sample and reference identical is directly proportional to the energy changes in the 

sample [148]. 

Thermo gravimetric analysis (TGA) uses a balance to record the changes in 

sample weight as the temperature is increased at a controlled rate. The data obtained 

can indicate the degree of sample decomposition, characterised by sample weight loss. 

A Stanton Redcroft Simultaneous Thermal Analyser (STA-780) (Stanton 

Redcrofl, London, UK (now serviced and calibrated by Labtherm Scientific, Surrey, 

UK)), combining DTA and TGA, was initially used to characterise the thermal 

properties of the polymers. The STA comprised two platinum crucibles on a 

microbalance. One crucible contained the test sample; the other was empty (no 

reference material was used as an empty reference crucible was sufficient). A 
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thermocouple was attached to the base of each arm of the balance. The crucible 

assembly was placed in a furnace which was heated at a controlled rate, the maximum 

temperature for this machine was 1500 °C. The difference in the temperatures of the 

sample and reference were detected by the thermocouples as voltages as the furnace 

was heated. This value was normalised with respect to the initial sample weight to 

enable comparison of measurements between samples. The balance was used to 

record the sample weight as the temperature increased for TGA data. Although the 

material was to be extruded in an inert atmosphere, other processes were to take place 

under atmospheric conditions. It was therefore decided to analyse the test samples in 

air. 

A P YRIS Diamond differential scanning calorimeter with Pyris series software 

(PerkinElmer instruments, MA, USA) was used to assess the effect of the different 

types of processing on the thermal properties of the materials. An empty pan was 

used as a reference material. Samples were heated at a controlled rate in an inert 

nitrogen atmosphere. Each time the machine was initialised, a baseline check was 

carried out with empty sample pans to ensure that the machine drift was not excessive 

and an indium sample with known thermal characteristics was assessed to ensure that 

the experimental results would be accurate. 

4.2.4 Gel permeation chromatography (GPC) 

Firstly, it is necessary to define the meaning of 'molecular weight' of a 

polymer. Molecular weight provides an indication of the size of the polymer chains 

within a polymer. The chains will usually not be the same size, but be distributed 

about a range of sizes. Generally, this will be a normal distribution. It is therefore 

necessary to describe a polymer in terms of an average molecular weight. There are 

different types of average molecular weight which include number (Mn) and weight 

(Mw) average molecular weight. Generally, for Gaussian distributions, Mw > Mn. 

Number average molecular weight is the total weight of the molecules in a 

polymer divided by the number of molecules in the polymer, mathematically defined 

in Equation 4.4 [149]: 

E N i M , 
Mn = Equation 4.4 

Z N , 
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where N, is the number of molecules of mass Mj. 

Weight average molecular weight is a weighted average, to account for the 

larger molecules having a greater percent of the total mass than the smaller molecules. 

It is equal to the sum over the entire sample of the weight fraction of each size of 

molecule multiplied by the mass of the molecule, as defined in Equation 4.5 [149]: 

Mw = -1^ Equation 4.5 

The ratio of Mw/Mn is known as the Polydispersity Index (PDI). A PDI of 1 

indicates that the range of molecular weights in the polymer is narrow. A higher ratio 

indicates that the range is wider. 

Gel permeation chromatography, otherwise known as size exclusion 

chromatography, is used to analyse the molecular weight of polymers for applications 

such as the determination of the degradation occurring due to processing of the 

sample. 

A column is packed with a rigid porous gel (normally highly cross-linked 

polystyrene beads), the pores having specific sizes. A solvent is passed through the 

column. The polymer sample is dissolved in the same solvent and then introduced 

into the solvent stream. The molecules of the polymer flow through the column and 

are separated with respect to their hydrodynamic volume (the size of the coiled up 

polymer chain when it is in solution). If the molecules are sufficiently small to fit into 

the pores of the packing material, they are delayed slightly by being forced into the 

pores by diffusion and then rejoining the flow. Molecules larger than the pores 

simply flow in the solvent. Thus, larger molecules reach the end of the column before 

the smaller molecules. Molecules larger than all the pores are eluted together 

regardless of their different sizes, as are molecules small enough to fit in all the pores; 

the pore size range therefore determines the effective range of the column. On exiting 

the column, a detector monitors the concentration of the sample and a molecular size 

distribution curve is plotted. 

The system must be equilibrated and calibrated to obtain reliable results. In 

order to calibrate the column and equipment, the specified solvent is used with 

samples of a material with a known molecular weight. This enables a distribution of 

molecular weights to be obtained for the polymer test sample. This data can then be 

used to calculate Mn, Mw and the PDI. 
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One limitation with the analysis equipment is that the only absolute measure is 

the volume of the molecule; some error is associated with this in that the polymer 

hydrodynamic volume can vary with solvent type and with temperature. Conversion 

of the molecular size to molecular weight can be another source of error. True 

molecular masses are only obtained if the test material is the same as that of the 

calibration material. In other cases a relative molecular mass is obtained, this may not 

be the same as the actual molecular mass. The concentration of the sample (causing 

interactions between the constituents of the sample) and the interactions between the 

solvent, packing and sample will affect measurements. 

It is therefore recommended that GPC analysis of samples should be carried 

out at the same time, using the same conditions, in order to obtain comparable results. 

Results should be considered to be relative values rather than absolute values, unless 

the material is the same as that used for calibration. 

GPC was carried out in duplicate for each sample by Rapra technology, 

Shropshire, UK. 10 ml chloroform solvent was added to 20 mg polymer sample (30-

40 mg was used for the composite samples) and left for a minimum of 4 hours to 

dissolve. Solutions were then filtered through a 0.2 )j,m polyamide membrane into 

sample vials, which were put in an autosampler. Columns suited to medium/high 

molecular weight samples were used (Plgel guard plus 2 x mixed bed-B, 30 cm, 5-10 

|j,m). The flow rate used was 1.0 ml/min (nominal) at 30 °C. The detector used was a 

refractive index detector with differential pressure and light scattering. Viscotek 

Trisec 2000 and Trisec 3.0 software was used to collect and to analyse the data, 

respectively. The equipment was calibrated using narrow distribution polystyrene 

calibrants (Polymer Laboratories Ltd), to give results as 'polystyrene equivalent' 

molecular weights. These molecular weights could be different to the actual 

molecular weight of the samples and should therefore only be compared to results 

gathered at the same time. 

4.2.5 Contact angle goniometry. 

The contact angle of a liquid drop on a solid surface provides information 

regarding the interaction energy of the three-phase solid-liquid-vapour system, as 

described by Young's equation in Equation 4.6 [150]. 

Ŷ V cos 8 = Ysv - YSL Equation 4.6 
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where 7lv is the hquid surface tension, is the sohd surface tension, 7sl is the sohd-

hquid interfacial tension, and 6 is the equihbrium or static contact angle. 

Surfaces with a higher affinity for the liquid exhibit more wettable behaviour 

and the contact angle is lower. In the case of water, these surfaces would be known as 

hydrophilic. Hydrophilic surfaces tend to have contact angles in the region of 0-30° 

and highly hydrophobic surfaces 70-90° [151]. 

One method of measuring the contact angle is the sessile drop technique. This 

method involves the placement of a drop of liquid on the sohd surface, with the 

resulting contact angle being measured using a goniometer. This method requires 

samples to be flat and horizontal as the drop can be affected by surface roughness and 

gravity. An accuracy of ±2° is normally claimed, but in more advanced equipment 

this can be as high as 0.1° [150]. 

An automated contact angle goniometer (Rame-Hart, Inc., NJ, USA.) with 

Rame-Hart Imaging 2001 software was used to measure the wettability of the 

materials. A syringe was used to provide a droplet of deionised water to the 

specimen. A CCD camera was used to image the specimen on the analysis platfomi 

with a light source behind it. Before each reading, the image brightness was 

optimised, the image was focussed and the specimen was levelled to ensure accurate 

readings. Focus was also checked. 

The drop was visualised on the monitor as shown in Figure 4.8. The software 

automatically identified the left and right contact angles by fitting a curve to the drop 

and calculating the angle this made with the user-defined baseline [152], an average 

contact angle was calculated. 

R?" ^ prar pmr 

Figure 4.8: Screen print of the Rame-Hart Imaging software showing a drop of 
distilled water on a PLG sample. 
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In order to ensure that the drop was static, contact angle measurements were 

taken at intervals of 5 s (the maximum permitted) for 95 s (the maximum permitted), 

to see if the droplet shape changed significantly over time. Care was taken to ensure 

that the assessment time began as soon as possible after droplet application. 

Significance was assessed by means of a two-tailed paired t-test carried out using 

Microsoft Excel software. A significant change was seen over the time period for 

drops on all samples except PLGC prior to sterihsation (P<0.05), therefore only 

contact angles recorded after 95 s residence on the sample will be quoted in future 

results. 

4.2.6 Compression tests 

Compression specimens were tested in ambient conditions using an EZ-50 

materials test machine (Lloyd Instruments, Hampshire, UK) with a 50 kN load cell (a 

strain gauge load cell which fulfilled ASTM E4 and BS EN ISO 7500 Part 1 for a +/-

0.5 % accuracy load cell, i.e. the load cell can be verified down to 2 % of its load 

range at 0.5 % accuracy of reading but can read down to zero load [153]) at 1 mm/min 

(as per [137]), with data collected every 0.06 s (Figure 4.9). Nexygen 4.1 software 

was used. Samples were compressed along the 6 mm axis to 4.5 mm for the first 

sample of each material for each different test in order to ensure that the specimen 

would yield before the test was stopped. Once the yield point had been clearly 

identified (in all cases before I mm compression), the remaining samples were then 

compressed by 1 mm. 

Figure 4.9: Compression test set-up. 
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Specimens were only tested in one orientation; any anisotropy from 

fabrication (unlikely as the aspect ratio of particles was low) would therefore not be 

accounted for in results. 

Displacement was recorded from the motion of the compression platens the 

movement of which was driven by twin lead screws and a high precision servomotor 

and DC servo system to give an extension resolution of < 0.1 jxm and a speed 

accuracy of better than 0.2 % at steady state. There is an error associated with this 

method of measurement in that the displacement recorded included any compliance of 

the machine and platen assembly. The error can be eliminated by assessing and 

correcting for the compliance of the machine. Figure 4.10 shows that the measured 

extension of the sample is equal to the true extension (Ax) plus the extension due to 

compliance of the test machine assembly (Ac). 

Load 
machine 

Ac /Ax 

Extension 

Figure 4.10: The effect of machine compliance on the measured extension. 

Therefore, in order to calculate the true sample extension Equation 4.7 was employed. 

Ax = Am - Ac Equation 4.7 

where Am is the measured extension 

The extension due to machine compliance (Ac) can be calculated from the 

stiffiiess of the machine and platen assembly by Equation 4.8; 

S = 5— Equation 4.8 
Ac2 - Ac, 

where S is the test machine assembly stiffiiess and F is the measured force at position 

1 or 2. 

If taken from the origin, this reduces to: 

S - Equation 4.9 
ACn 
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Substituting Equation 4.9 into Equation 4.7 gives Equation 4.10: 

F 
Ax = Am - Equation 4.10 

where F2 is the force at the extension being measured. 

The compression test machine was set to give a compression force with 

platens in situ to assess the stiffness of the machine. Alignment of the platens was 

assessed visually during compression. The platens appeared to be parallel; therefore 

the data collected was considered to be a true measurement of the machine stiffiiess 

and not affected by the platens being misaligned. The platens were initially 

compressed three times and the stiffness was calculated over the same range that was 

measured for the specimens. The stiffness was found to be 23 210 N/mm + 4.6 %. 

Each time the compression test machine and platens were reassembled for a set of 

experiments, one machine stiffness measurement was carried out. The average of all 

these measurements was found to be 23 346 N/mm + 18.5 % (n = 6). Due to the large 

variation following reassembly, for each set of experiments the machine stiffness that 

was recorded was used to correct for machine compliance. 

The force and compression values for each sample, corrected for machine 

compliance, were used to calculate the sample stress and strain. The length, width 

and thickness of each specimen were measured with digital vernier callipers 

(Mitutoyo digimatic, Hampshire, UK, 0.01 mm resolution) to 2 d.p. at three 

approximately equidistant points along the sample. The average was used in the 

calculation of stress and strain, as described by Equations 4.11 and 4.12. 

a = — Equation 4.11 
A 

where a is sample stress [MPa], F is measured force [N] and A is unloaded sample 

cross-sectional area [mm^]. 

L o . 

where s is sample strain [%], AL is the true compression [mm] and Lq is unloaded 

sample height [mm]. 

Young's modulus was calculated by visually identifying the linear portion of 

the graph, and checking this by overlaying a straight line on the selected section. 

Values for stress and strain at each end of the section were noted and E was calculated 

using Equation 4.13. 
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( J t — (T, 

Equation 4.13 
G z - G , 

where E is Young's modulus [GPa], ffi and CZ] are stress at positions 1 and 2 [MPa], 6i 

and 62 are strain at positions 1 and 2 [mm/mm]. 

The stress-strain graph was corrected for the toe-in region of the data by 

extrapolating this linear portion to zero stress and shifting the data towards the origin 

so that this was also zero strain. 

Maximum stress was taken to be the maximum stress observed, and the strain 

at this point was also recorded. Stress at 0.1 % and 1 % strain offset was obtained by 

superimposing lines with the same slope as E with origins at 0.1 and 1 % strain, 

respectively. Stress and strain were recorded at the point where these lines intersected 

the plotted data. 

The stress and strain for the degradation trials in Chapter 9 were calculated 

using the average dimensions, measured as before, for the sample after each 

immersion period. Values were calculated as before, with samples initially 

compressed by 4.5 mm along the 6 mm sample axis, then by 1 mm once it was 

verified that yield occurred before this. 

4.2.7 Tensile tests 

Tensile specimens were tested in ambient conditions with an Instron 5584 

materials test machine (Instron Ltd, Buckinghamshire, UK) with a 5 kN load cell at 1 

mm/min (as per [136]), as shown in Figure 4.11. The position control resolution of 

the instrument was 0.075 fim and the crosshead speed accuracy was + 0.10 mm or + 

0.15 % of displacement or + one count on the display (whichever was greater). The 

load cell used bonded strain gauges and had an accuracy of + 0.4 % of the reading 

down to 1/100 capacity and ± 0.5 % of the reading down to 1/250 capacity, accuracy 

was best at approximately 50 % full capacity. The load cell was calibrated at the 

beginning of each set of tests. Data was recorded every 0.5 s for PCL and composites 

and every 0.01 s for PLG and composites because PCL was significantly more ductile 

and a higher resolution would have produced an excessively large data file. Samples 

were initially secured with wedge grips, which move vertically as well as horizontally 

when tightened and are shown in Figure 4.11a. These caused the samples to bend 

slightly as they were tightened, which was undesirable for the more brittle samples 

87 



Chapter 4. Processing Equipment and Analysis Tools 

because, despite jogging the cross-head of the machine to regain zero load and 

straighten the samples at regular intervals in the set up process, the procedure caused 

some samples to fail before testing. The horizontal motion grips. Figure 4.1 lb, were 

used for subsequent tests with more success. 

Iffliiiilii 

(a) 

Figure 4.11: Tensile test set-up. (a) Wedge grips were used initially, (b) Horizontal 
grips were used for testing the different composites. 

A video extensometer (Type 3, Instron Ltd, Buckinghamshire, UK) was used 

to measure the displacement. The extensometer was calibrated at the beginning of 

each set of tests. Due to the large displacements experienced by PCL, it was not able 

to measure displacement over the full range of motion. Displacement data from the 

test machine crosshead movement was recorded for PCL, but was not used to produce 

any quantitative results as values would include machine compliance and any 

specimen slippage. The advantages of using a non-contacting measurement device 

are that there is no mechanical influence on the test specimen and the measurements 

are not erroneous if there is slippage of the specimen (as would be the case with grip 

distance measurements). The video extensometer was controlled and operated via 

Merlin Series IX software through a PC. The extensometer used a CCD camera 

which had a two dimensional sensor array. Each sensor produced a voltage signal 

proportional to the incident light intensity. During a test, the camera continuously 

acquired frames of the specimen. The video signal output from the camera was 

digitised and stored within the PC. The digitised signal was an 8-bit byte (pixel); it 

represents the amount of light, or greyscale value, received by the camera (0 black, 

255 white). The digitisation rate resulted in one frame from the camera being stored 

in memory and being updated every 33.3-40 ms. The gauge length was marked with 
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two horizontal lines that contrasted with the colour of the specimen, these markers are 

recommended to be 1 - 2.5 mm in width. Before tests began, the locations of the 

markers were identified in the system by summing columns of greyscale values 

parallel to the marks in the 'search zone' which is user-defined. The marker edges 

were found to sub-pixel accuracy by interpolating between two adjacent pixel 

positions. The marker position was then defined as the mid-point between the two 

edges. On commencement of the test, only the pixel columns in the immediate 

vicinity of the markers were summed. The gauge length was monitored at the update 

rate of the camera. Strain was calculated from the accurate initial and current gauge 

lengths. In optimum conditions, for a field of view of 50 mm, the gauge length 

measurement accuracy was + 50 p,m and the maximum following speed 125 mm/min 

[154]. 

Specimen cross sectional area was measured in triplicate at approximately 

equidistant points along the gauge length and an average value was used to calculate 

stress. Stress and Young's modulus were calculated using equations 4.11 and 4.13. 

Strain was recorded directly by the video extensometer, which also measured initial 

gauge length. Specimens were only tested in one orientation; any anisotropy fi-om 

fabrication (unlikely as the aspect ratio of particles was low) would therefore not be 

accounted for in results. 

4.2.8 Dynamic mechanical analysis (DMA) 

DMA is used to detect the dynamic response of a material over a 

predetermined temperature or firequency range. The material is subjected to a 

sinusoidal force, and the strain response is recorded. Polymeric materials exhibit 

viscoelastic responses, having both an elastic component which is in phase with the 

input force sinusoid and a viscous component which is 90° out of phase. The degree 

of phase lag in the response depends on the polymer composition, the testing 

temperature and frequency. DMA data therefore provides information on a range of 

material properties such as polymer structure, thermal properties and the effect of 

filler on composite viscoelastic properties. This phenomenon is illustrated in Figure 

4.12. 
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Figure 4.12: Stress and strain response in a viscoelastic material. 

The stress and strain can be used to assess the elastic and viscoelastic response 

of the material, as described by Equations 4.14 - 4.22 (taken from [155,156]). 

The strain is given by: 

s(t) = s^ sin(cot) Equation 4.14 

where 6(t) is the time dependent strain, 6o is the amplitude of the strain and co is the 

angular velocity (27rf, where f is the frequency of vibrations). 

The time-dependent stress, (T(t), leads the strain with a phase difference of 5: 

CT(t) = cTQ sin(cot + S) Equation 4.15 

where Jo is the stress amplitude. 

a( t ) = cos6sin((ot) + sin5cos(cot) Equation 4.16 

which has both an in-phase ((TqCosS) and a 90° out-of-phase ((ToSinS) component with 

the strain. The stress and strain can be related by the complex modulus E*(co) in 

Equation 4.17. 

a( t ) = E * ((o)s(t) Equation 4.17 

and E* has both a real and complex component: 

E*(m) = E' (co) + iE" (©) Equation 4.18 

where E'(w) is the real or storage modulus which represents the elastic part of the 

material and E"(w) is the complex or loss modulus. The relationship between the 

components of E* is shown in Figure 4.13. 

From Figure 4.13: 

E" 
= tan 5 Equation 4.19 

Tan 6 is a measure of the ratio of viscous to elastic components of the material. From 

Equations 4.17 and 4.18: 

90 



Chapter 4. Processing Equipment and Analysis Tools 

g ( t ) 
= E'(co) + iE"(®) Equation 4.20 

Substituting Equations 4.14 and 4.16 into 4.20 gives: 

E'(co) = — cos 5 

E"(co) = — sin 8 
s„ 

Equation 4.21 

Equation 4.22 

• R e 

Figure 4.13: Argand diagram showing the relationship between the constituents of 
the complex modulus. 

A DMA 7e dynamic mechanical analyzer (PerkinElmer instruments, MA, 

USA) was used to analyse the specimens, Figure 4.14, with data analysed using Pyris 

Series software version 5.00.02 (PerkinElmer instruments, MA, USA). 

(a) 
Figure 4.14: (a) Dynamic Mechanical Analyser, (b) Detail of the three-point bend test 
set-up with specimen in situ. 

The DMA system consists of a probe which contacts the sample and which is 

attached to a central rod through which forces are applied to the sample and from 
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which sample response is measured, a force motor, a linear voltage displacement 

transducer (LVDT) and a furnace for a controlled temperature environment. 

The DMA probe and rod assembly was suspended in a magnetic field. The 

linear force motor was used to drive the probe up and down to achieve the desired 

force on the material. The motor generated a sinusoidal force when an alternating 

current was supplied to the force coil, a magnetic field was generated that pushed 

against the magnetic field of a permanent magnet [157]. 

The LVDT was used to measure the vertical deflection of the sample. A 

magnetic core moved through the centre of a coil in response to specimen 

displacement, producing a sinusoidal voltage proportional to the displacement. The 

sinusoidal response detected by the LVDT was then compared to the applied force 

sinusoid [157]. 

The total applied force has both a static and dynamic component. The static 

component ensures that the probe is kept in contact with the sample throughout the 

test and a dynamic force is superimposed on this to create the oscillatory response. 

For example, if tension control in the software is set to 110 %, the DMA will apply 10 

% more static force than dynamic force. 

Inputs to the DMA system included: dynamic force, static force, tension 

control, dynamic strain, frequency, temperature and sample dimensions. Outputs 

from the system were: furnace temperature (measured by a thermocouple), probe 

position at a known time (measuring the deflection via LVDT), amplitude of DMA 

response (measuring the maximum displacement by LVDT), and the phase difference 

of input to output signals. 

The aforementioned output data can then be used to calculate the values of 

interest. For analysis using the three-point bend method; maximum strain, stress, 

storage and loss moduli can be calculated using equations 4.23 to 4.26 [157]: 

3 d y , 
£„ — 
0 T 2 

Equation 4.23 
V 

where d is the specimen thickness, yo is the maximum displacement and L is the span. 

3FL 

2bd ' 

where F is the applied force and b is the specimen width. 

Equation 4.24 

FT ^ 
E' = — — — cos 5 Equation 4.25 

2 y , b d : 
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F L ^ 
E" = - - ^ s i n S Equation 4.26 

2 y , b d : 

For DMA analysis of PCL, PLG and composites, three-point bend test 

specimens were cut from the compression moulded sheet for DMA testing as 

described in Section 4.1.3. The resulting sample dimensions were 24 x 3.5 (range 

3.08-4.12) X 1.7 (range 1.63-1.87) mm. The test span of the three-point bend 

apparatus was 20 mm. 

The DMA probe weight was tared at each machine start-up and if anything 

touched the probe. Probe height was zeroed between each test using a device to 

locate the probe level with the top of the specimen supports. Zeroing the probe set the 

LVDT to zero height. Sample span (20 mm) and width (an average of 3 

measurements with vernier callipers at approximately equidistant points along the 

length, Mitutoyo Digimatic, Hampshire, UK, 0.01 mm resolution) were input into the 

software. Sample height was measured (an average of 3 measurements as for width 

measurements) to check the probe reading. In all experiments, N] was used as a 

purge. Specimens were tested in one orientation therefore any anisotropy from 

fabrication (unlikely as the aspect ratio of particles was low) would not be accounted 

for in results. 

British standard BS2782-3 Method 3238:1996 states that specimen 

dimensions are not critical, but for isotropic materials a ratio of span(L)/specimen 

thickness(d)>16 is suggested. Span(L)/specimen width(b)>6 is recommended to 

avoid errors associated with constraints to deformations along the width direction. 

ASTM standard ASTM D5023 recommends a L/d ratio of 14-20. The specimens had 

an approximate ratios of L/d = 12 and L/b — 6. It can be seen that the L/d ratio is 

smaller than that recommended due to the thickness of the samples which is a result of 

the depth of the moulding cavity. In order to assess the effect of this aspect ratio upon 

the DMA properties, thinner PLG specimens were manufactured as described in 

Section 4.1.3. with approximate sample dimensions of 24 x 3.5 (range 3.36-3.76) x 

0.95 (range 0.92-0.99) mm. For these samples, L/d = 21. Thin PCL samples could 

not be assessed as they were too compliant to be tested at this thickness. The PLG 

samples were evaluated at 0.15 % dynamic strain control, 120 % static tension control 

(i.e. applying 20 % more static stress than dynamic stress), 25-65 °C, 4 °C/min, 1 Hz. 

Data was collected every 0.1 °C. Results are shown in Figure 4.15. 
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The data in Figure 4.15 shows that the storage modulus is slightly increased 

with a thinner sample, but this is insignificant as the s.d.s overlap. The values for tan 

delta were very similar. The results suggest that the aspect ratio has minimal effect on 

DMA results over the range of ratios tested; therefore thick samples were used for all 

other DMA tests. 
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Figure 4.15: The effect of specimen thickness on PLG storage modulus and tan delta. 
Mean + s.d. n = 3, s.d. calculated for 25, 35, 45, 55 and 37 °C. Thick line = storage 
modulus, Thin line = tan delta. Black = PLG thick specimens. Grey = PLG thin 
specimens. The error bar for the thin sample storage modulus at 55 °C is out of the 
range of the graph, as the sample 'bottomed out' at this temperature. 

A setting of 0.15 % dynamic strain was used for PLG and composites; 

however PLG4B continually failed while testing using this parameter. PLG4B could 

successfully be tested at 0.02 % dynamic strain. In order to assess the effect of 

altering the dynamic strain rate, PLG samples were tested at 0.2, 0.15 and 0.02 % 

dynamic strain. Other DMA settings were 120 % static tension, 25-65 °C (0.2 % 

dynamic strain samples only to 60 °C), 4 °C/min, 1 Hz. Data was collected every 0.1 

°C. Results are shown in Figure 4.16. 

The storage moduli and tan delta values for all dynamic strain values were 

similar. Storage modulus appears to have less variation in data at 0.2 % dynamic 

strain, however it was not possible to obtain this setting with the composite materials 

as the maximum force of the DMA analyser was reached before this dynamic strain 

was obtained. The results suggest that storage moduli and tan delta values collected 

with settings of 0.15 and 0.02 % dynamic strain are similar, but care should be taken 

when comparing results if testing with different dynamic strain rates. 
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Figure 4,16: The effect of dynamic strain rate on PLG storage modulus and tan delta. 
Mean + s.d. n = 3, s.d. calculated for 25, 35, 45, 55 and 37 °C. Storage modulus: thick 
line, tan delta = thin line. Black = 0.02 %, dark grey = 0.15 %, pale grey = 0.2 %. 

4,2.9 Inductive coupled plasma with atomic emission spectroscopy (ICP-AES) 

ICP-AES is used to detect trace elements in samples. It combines ICP, which 

causes the elements in a sample to emit characteristic wavelength light and AES 

which measures the light intensities at known wavelengths to identify the samples. 

In ICP a solution of the elements to be analysed is transformed into an aerosol 

by a nebulizer with argon as the carrier gas, this aerosol then flows into the 'torch' 

region of the instrument where a radio frequency (r.f) generator activates an r.f field 

and the gas is made electrically conductive, i.e. a plasma (atoms in an ionised state) is 

formed. The plasma is maintained by inductively heating the flowing gases. 

The light emitted by the ions of an element in ICP is converted into an 

electrical signal that can be measured qualitatively, e.g. via AES. This is achieved by 

resolving the light into its component radiation, usually by using a diffraction grating, 

and measuring the light intensity with a photomultiplier tube at specific wavelengths, 

giving an electrical signal. The concentration of elements is calculated by measuring 

the intensity of known concentrations of the element and using this to convert sample 

intensity to concentration. Detection limits are generally 1-100 g/L for most elements 

[158]. 

In order to analyse dissolution products from the materials, an ICP-AES 

(Thermo FI ARE 3580B, Thermo Electron Corp., MA, USA) was used to analyse 

concentrations of Na, Si, P and Ca. Detection limits were: 0.05 ppm (Si), 0.10 ppm 
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(Ca), 0.20 ppm (P), 0.10 ppm (Na). Detection wavelengths were (run): 288.16 (Si), 

317.933 (Ca), 178.27 (P), 589.0 (Na). 

4.2.10 Surface profilometry 

Surface roughness can be defined in many different ways, for example in 

terms of amplitude, peak spacing, sharpness of the peaks, etc. 

Ra is the most commonly used roughness parameter, it is the arithmetic mean 

of the absolute departures of the roughness profile from the mean line and is defined 

in Equation 4.27 [159]. 

1 ^ 
Ra = — ||z(x)|dx Equation 4.27 

L 0 

where L is the sampling length, z is the height at position x. 

Rq is the root mean squared (rms) parameter relating to the roughness, it is 

used to describe the amplitude of the roughness. The deviation in height of the 

specimen profile from the centre line (the amplitude) is measured along the sampling 

length, these measurements are then used to calculate Rq, as described in Equation 

4.28 [159,160]. 

Rq = jz^ (x)dx Equation 4.28 

Rsk is used to measure skewness. hi probability theory, skewness measures 

the asymmetry of the probability distribution of a random variable. It is the third 

moment of the probability density of the distribution (in this case the distribution of 

heights). For a sample of n values it is given by: 

Sk = — Equation 4.29 
n a ^ 

1 ^ 
jz^(x)dx 

L o 

Equation 4.30 

where Xj is the ith sample value, |_i is the sample mean and ff is the standard deviation 

[161]. In terms of surface roughness, Equation 4.30 can be used [159]. 

In surface analysis, Rsk measures the asymmetry of the roughness profile about the 

mean line. It measures the relative total lengths over which the profile achieves a 

selected range of heights above or below the centre line. The profile amplitude is spht 
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into small sections (dy). The profile lengths that fall into each section are summed for 

each section, and then divided by the assessment length and expressed as a percent for 

each section. This can be plotted as a graph of amplitude density versus height. If 

this graph is negatively skewed, most of the material is above the mean line and vice 

versa [162], i.e. denoting surfaces with grooves or ridges. 

Rku is known as kurtosis. In probabihty theory, kurtosis is a measure of the 

sharpness of the peak of the probability distribution of a random variable. It is the 

fourth moment, for a sample of n values, it is given by: 

Ku = — Equation 4.31 

na 

where x, is the ith sample value, is the sample mean and a is the standard deviation. 

[163]. For surface roughness. Equation 4.32 is employed [159]. 
L 

Rku = 
Rq ' 

- j ' z \x )dx Equation 4.32 

For surface analysis, Rku is a measure of the sharpness of the roughness of the profile. 

A high Rku has a spiky surface, a low Rku has a bumpy surface. 

RXq is the rms average wavelength. A roughness profile can be considered to 

be comprised of a series of sine waves (harmonics) of different frequencies and 

amplitudes. RXq accounts for the effect of the amplitude and wavelength of each 

harmonic on the overall profile; i.e. it is a measure of the spacing of peaks, taking into 

account both the crests of the larger peaks and the smaller crests on the flanks of 

these. It is a hybrid parameter based on both amplitude and spacing data [162]. 

RXq = Equation 4.33 
RAq 

where RAq is the rms slope of the profile, it describes the actual length of the surface 

(a smoother surface has less peaks and troughs so there is less actual surface) [162]. 

RAq is given by Equation 4.34 [159]. 

RAq = f(e(x) - qJ dx Equation 4.34 

where 9 is given by Equation 4.35 [159]. 

- 1 ^ 

e = — je(x)dx Equation 4.35 
L 0 
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where 6 is the slope of the profile at any given point [159]. 

For surface roughness analysis, a Taylor Hobson Form Talysurf Series 2 

(Taylor Hobson Ltd., Leicester, UK) was used and data was processed by Taylor 

Hobson pltra Issue 6 software. Using this method, a stylus tip was traced at a pre-

determined speed across a defined sampling length of the specimen and the vertical 

displacement of the tip was recorded. The stylus had a 90° conisphere diamond tip 

with a radius of 2 pm. The gauge used to detect the displacement was a phase grating 

interferometer (PGI standard - 10 mm range, 12.8 nm resolution) and the force on the 

stylus tip was 1 mN. In order to assess whether this force caused damage to the 

surface and therefore erroneous results, the same sampling length was retested, similar 

values for the recorded parameters were obtained and it was therefore considered that 

any damage caused by the tip was negligible. 

Some limitations with this analysis method are that the stylus cannot show 

undercuts. If the scan speed is too fast, the tip may jump parts of the profile on the 

way down a peak giving steeper values. Asperities may cause the tip to deflect 

laterally, therefore not showing the tip of the peaks. 

Data analysis used a least squares line for the centre or reference line of the 

data i.e. a centre line positioned so the sum of the squares of the deviations of the 

profile firom the line is a minimum. 

For almost all real surfaces, the longer the wavelength, the bigger the 

amplitude therefore a filter is required [160] to enable visualisation of the roughness 

in the range of interest. The filter used was an IS0-2CR filter; this enabled upper and 

lower cut-off lengths to be established to cut out the effects of waviness. According 

to the Nyquist sampling theorem the shortest measurable wavelength is twice the 

sampling interval in order to not get data smoothing [160]. 

4.2.11 Microplate reader 

In cell culture, the optical density (OD) of certain solutions following reaction 

with the cells was assessed using an Anthos 2020 96 well plate reader (Anthos labtec 

instruments Ges.m.b.H, Austria, supplied by JENCONS-PLS) with Anthos 2020 vl.8 

software in order to obtain quantitative data for certain cellular responses detailed in 
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Chapter 10. This worked by measuring the degree of light transmission/absorption 

through the solution being tested. 

Transmission of light is assessed as a ratio of the total light energy at the 

detector (through air) to the energy after transmission through the sample at a 

specified wavelength. It is non-linearly affected by sample thickness and 

concentration, therefore the transmission is converted into absorption which is 

expressed as the linear unit of OD in Equation 4.36. 

/ 1 \ / j \ 

OD = log = log 
transmission J v l y 

Equation 4.36 

where lo is the light intensity before the sample and I is the light intensity after 

passing through the sample. 

The radiator in the microplate reader was an automatically-controlled tungsten 

halogen lamp, the receptor was a single silicon photo-diode. The filters available 

were 620, 492, 450, and 570 nm. For more accurate results, it is best that the sample 

being tested has its absorption spectrum close to that of the filter selected. The 

instrument automatically calibrated itself 

The measurement range of the instrument was 0.000-2.500 OD. Resolution 

was 0.001 OD with accuracy < + 1 % at 1 OD or + 0.005 OD (measured with 620 and 

492 nm filters). Short-time reproducibility was <+ 0.5 % at 1 OD. The linearity of 

the measuring device was <+0.5 % or 0.005 OD from 0.1 OD to 2.5 OD. 
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5. MATERIAL CHARACTERISATION 

In this chapter, details of any pre-processing procedures carried out on the 

selected materials will be described. The materials will be characterised with respect 

to their shape and size distribution. Polymers will also be assessed in terms of their 

thermal properties and molecular weights. 

5.1 Polymer characterisation 

5.1.1 Poly (cap ro lactone), (PCL) 

PCL (Sigma-Aldrich Inc, Dorset, UK), Mn 80 000, was chosen because it was 

an easily processable, readily available, and an inexpensive aliphatic polyester. Use 

of this material facilitated an understanding of the composite production process using 

a biomaterial, but at a highly reduced cost to reduce wastage of the lactide-glycolide 

copolymer. PCL has FDA regulatory approval and was therefore considered suitable 

for consideration in this study. The as-received PCL pellets were elliptical in shape 

and white in colour, as may be seen in Figure 5.1. 

Figure 5.1: As-received PCL pellets. 

The thermal properties of the PCL material were characterised using a 

combined Differential Thermal Analyser (DTA) and Thermal Gravimetric Analyser 

(TGA) (Stanton Redcroft Simultaneous Thermal Analyser (STA-780), London, UK 

(now serviced and calibrated by Labtherm Scientific, Surrey, UK), see Section 4.2.3"*. 

The 13.8 mg sample was analysed in a platinum crucible in air with no reference 

With the assistance of Mr R. Sweeney, Materials Department, Imperial College London. 
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material at a scan rate of 10 °C/min. Figure 5.2 shows the DTA and TGA data. No 

glass transition temperature (Tg) was visible because this was in the region of -60 °C 

[31,34], i.e. below ambient temperature. The melting temperature (Tm) was shown to 

be approximately 77 °C. TGA data indicates the thermal degradation of the polymer, 

which is characterised by a reduction in the sample weight. This loss of mass was 

initially apparent at approximately 255 °C. 
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Figure 5.2: DTA and TGA of PCL. ( DTA, TGA) 

In order to facilitate mixing of the composite, the pellets of PCL were reduced 

to a powder. This was carried out on a Hosokawa Alpine lOOUPZII mill (Hosokawa 

Micron Ltd, Cheshire, UK) which was cryogenically cooled using liquid nitrogen. 

Liquid nitrogen was also employed to pre-cool the PCL for 15 min. Shear discs were 

used to reduce the particle size, with a gap between the discs of 0.25 mm. Milling 

occurred at 1400 rpni. After milling, the polymer was dried at ambient temperature 

for approximately 120 hours then dried in a vacuum oven at a vacuum pressure of 1 

bar, 50 °C, for 211.5 hours at which time the weight had stopped decreasing and the 

polymer was therefore considered to be dry. The PCL was then stored in a desiccator, 

with indicating silica gel desiccant (Silgel Packaging Ltd, Shropshire, UK), at 4 °C. 

Table 5.1 displays GPC data which shows that the PCL was not adversely 

affected by the milling and drying process and Figure 5.3 shows the shape of the 

resulting PCL particles. 

Sample Mw Mn Polydispersity 
PCL as-received pellets 215 000 131 000 1.7 

Milled PCL 214 500 127 500 1.7 

Table 5,1: Molecular weight analysis of PCL (Rapra technology) (n = 2). 
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500 

Figure 5.3: Optical microscope (Nikon Optiphot, Surrey, UK) image of PCL powder. 

A CILAS 1180 Particle size analyser (CILAS, Orleans, France) was used to 

characterise the PCL particle size^. Details of the analysis process can be found in 

Section 4.2.2. Liquid analysis was carried out and a one pipette drop of dispersing 

agent, Teepol, was used to reduce particle agglomeration. It can be seen from Figure 

5.4 and Table 5.2 that the PCL powder had a slightly bimodal particle size distribution 

with an average particle size of approximately 360 |am. 
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Figure 5.4: Typical example of particle size distribution of PCL particles. — = 

Cumulative volume, • = Population density. 

Average particle size [urn] Range [urn] 

D i o 1 1 0 . 6 5 98.76-115.87 

D50 358.54 344.51-371.19 

D90 6 0 0 . 4 4 580.69-617.19 

Table 5.2: Particle size distribution for PCL. Dio, D50 and D90 = 10, 50, 90 % (by 
volume), respectively, of particles were this size or less, n = 4. 

^ Particle size analysis was carried out on the CILAS 1180 Particle Size Analyser with the assistance of 

Dr I. Thompson, Dept. Oral & Maxillofacial Surgery, Guy's Hosptial, London. 
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5.1.2 95/5 Poly(L-lactide-co-glycolide), (PLG) 

PLG (PURAC biochem bv, Gorinchem, The Netherlands) was chosen as the 

primary matrix material due to its potentially suitable mechanical and degradation 

properties, as described in Section 3.3. Both PLLA and PGA are used in vivo and 

therefore this material was considered suitable for assessment for the biocomposite. 

The as-received PLG granules were of irregular shape and were translucent white in 

colour, as in Figure 5.5. 

1 MM 2' 3' 4! 

Figure 5.5: As-received PLG granules. 

Thermal characterisation of the PLG was carried out using DTA and TGA as 

for PCL, with a sample size of 16.32 mg. Figure 5.6 shows the DTA and TGA data. 

The glass transition temperature (Tg) was approximately 71 °C (taking the mid-point 

of the incline to represent Tg). The melting temperature (T^) was shown to be 

approximately 173 °C. Initial polymer weight loss occurred at approximately 244 °C. 

Specimen temperature (TGA) [°C] 

100 

75 125 175 225 

Specimen Temperature (DTA) [°C] 

275 

Figure 5.6: DTA and TGA of PLG. ( = DTA, rGA) 
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As for PCL, the PLG pellets were reduced to a powder to assist composite 

mixing. This was carried out on a Hosokawa Alpine lOOUPZII mill (Hosokawa 

Micron Ltd, Cheshire, UK) which was cryogenically cooled with liquid nitrogen. 

Liquid nitrogen was used to pre-cool the PLG for approximately 15 min. Shear discs 

were used to reduce the particle size, with a gap between the discs of 0.2-0.25 mm. 

Milling occurred at 1800 rpm. hi order to reduce the particle size further, the PLG 

was re-cooled for approximately 15 min using liquid nitrogen and was then re-milled 

using pin discs at 1800 rpm. At all times between milling the PLG was stored in a 

desiccator with indicating silica gel (Silgel Packaging Ltd, Shropshire, UK), and 

phosphorous pentoxide (Sigma Aldrich Inc, Dorset, UK) as desiccant to prevent 

moisture condensing onto the polymer. 

The polymer was dried after milling by placing it into a vacuum oven at a 

vacuum pressure of 1 bar. The temperature was gradually ramped up, as shown in 

Figure 5.7, to above the polymer Tg as this would facilitate easier water diffusion 

from the polymer. The temperature increase was carried out slowly so that water 

which was poorly bonded to the polymer could be driven off at lower temperatures in 

an attempt to reduce the extent of polymer hydrolytic degradation. Initially, the 

temperature was only increased during working hours so that the oven could be 

vented at regular intervals to reduce the environmental humidity. The polymer was 

considered to be dry once the weight of the samples fluctuated by less than 0.02 % (as 

recommended in a review article by Middleton and Tipton [31], and an adaptation of 

BS 6870-2.2:1987 ISO 8557:1985 [164]). This occurred after approximately 340 

hours in the vacuum oven, however extrusion of the polymer (see Section 6.4 for 

details of PLG extrusion) showed bubbles in the extrudate which can be an indication 

that some water is still present. The polymer therefore remained in the vacuum oven 

until 479 hours, at this point confirmation that the polymer was dry was obtained 

following extrusion, no bubbles were present in the extrudate. Once the sample was 

dry, it was sealed in moisture-proof sachets and stored in a desiccator with indicating 

silica gel and phosphorous pentoxide at 4 °C until further use. The phosphorous 

pentoxide was changed once saturated. GPC analysis. Table 5.3, indicated that the 

milling and drying processes did not adversely affect the PLG molecular weight. 
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Figure 5.7: Moisture loss from PLG powder in vacuum oven. • = PLG weight loss, 
= Vacuum oven temperature. 

Sample Mw Mn Polvdispersity 
PLG, raw pellets 323 500 156 000 2.1 
PLG, powder 315 000 163 000 1.9 
PLG powder dried 308 500 157 ODD 2.0 

Table 5,3: Molecular weight analysis of PLG (Rapra technology) (n = 2). 

The powdered polymer (shown in Figure 5.8) was sieved using 500 jim, 250 

)j.m, 125 pm and 50 |im sieves. 45 g PLG powder in the 50-125 |am group and 50 g in 

the 125-250 fim group were removed for selective laser sintering trials (see Chapter 

12). Particle size analysis was carried out as for PCL. It can be seen from Figure 5.9 

and Table 5.4 that the particle size distribution was bimodal and the average particle 

size for the PLG powder was approximately 200 p.m. 

500 /an 

Figure 5,8: Optical microscope (Nikon Optiphot, Surrey, UK) image of the powdered 
PLG. 
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Particle size [|im] 

Figure 5.9: Typical example of particle size distribution of PLG particles. 
Cumulative volume, • = Population density. 

Average particle size fum] Range fuml 
Dio 7346 62.63-87.93 
D 5 0 19&39 185.79-210.72 

D90 346.17 314.17-377.78 

Table 5.4: Particle size distribution for PLG. Dio, D50 and D90 = 10, 50, 90 % (by 
volume), respectively, of particles were this size or less, n = 4. 

5.2 Filler characterisation 

Four different fillers were to be compared within the polymer matrices: 

calcium carbonate (CaCOg), hydroxylapatite (HA), 45S5 Bioglass® (45S5 BG) and 

ICIE4 Bioactive glass (ICIE4 BG). 

CaCO] was purchased from Sigma-Aldrich Co. Ltd., Dorset, UK (Catalogue 

No. 31208); it was an analytical reagent with a purity grade of puriss. p.a. 

Sintered HA, CAPTAL® S (P226 S), was obtained from Plasma Biotal Ltd., 

Derbyshire, UK. The material was suitable for use in vivo. 

Initially, 45S5 BG was prepared in-house using a similar protocol as for ICIE4 

BG (which is described later in this section), but with a furnace temperature of 1330 

°C. Composite production with this material yielded strange results (excessive 

polymer degradation and bubbles in extrudate). 45S5 BG was therefore kindly 

donated by Mo-Sci Corporation (Montana, USA) to assess whether the anomalies 

were a result of inaccurate processing. The results were found to be the same as for 

the in-house material, but Mo-Sci 45S5 BG was used for the remainder of the study. 

The composition of 45S5 BG is described in Table 5.5. 
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SiO, P2O5 CaO N ^ O Total 
Final composition [mol%l 46.13 2.61 2&91 24.35 100.00 

SiOj P2O5 CaCOj NazCOj Total 
Weight of component used (in-
house) to obtain the final 
composition [g] 

110.72 14.76 107.75 103.24 336.47 

Table 5.5: 45S5 BG composition. 

ICIE4 BG was made in-house^ with a composition detailed in Table 5.6. 

ICIE4 BG is not a commercial glass and its biocompatibility should therefore be 

tested before commercial use, reasons for the selection of this material are provided in 

Section 3.3. Impurities due to contamination from fabrication were minimised as far 

as possible. 

SiOz P2O5 CaO NaiO Total 
Final composition [moI%l 49.46 1.07 42.87 6.6 100.00 

SiOz P 2 O 5 CaCOj NazCOj Total 
Weight of component used to obtain 
the final composition fg] 

118.7 6.075 171.65 27.984 324.41 

Table 5.6: ICIE4 BG composition. 

The powder mixture was weighed and mixed in a glass bottle. Approximately 

one third of the powder was added to a platinum crucible and placed in a Carbolite 

RHF 1500 furnace at 1475 °C for one hour. The molten glass was then removed from 

the fiimace and quenched by pouring into a large quantity of water at ambient 

temperature. The glass frit was removed from the water immediately, and dried for 

approximately 24 hours at 60 °C in a Thelco oven. This procedure was repeated for 

the remaining powder (three operations in total). 

The frit was stored with silica gel desiccant until it was milled into a fine 

powder. This was performed using a Gy-Ro mill (Glen Creston Ltd, Stanmore, UK) 

with steel grinding parts. The mill was first cleaned by milling 2-3 g glass fiit for 2 

min, this was discarded. The remaining frit was milled in batches of 50 g. The 

procedure was to mill for 7 min, allow the machine to cool for 10 min and mill for 

another 7 min. The glass was placed in a Thelco oven at 60 °C for a minimum of 3 

hours to reduce moisture before storage / sieving. The glass powder was stored with 

silica gel desiccant. 

' with guidance from Miss I, Elgayar, Materials Department, Imperial College London. 
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Sieving of the glass was carried out to characterise the particle size yield. The 

sieve shaker used was a Fritsch analysette type 03.502, made in Germany, supplied by 

Christison (Scien. Equip.), Gateshead, UK. Sieves were stainless steel sieves and 

meshes (Endecotts, London, UK). Sizes used were 100 jam, 50 |ara and 38 )j.m. 

Sieves were stacked with one rubber ball in each to aid particle dispersion. Half the 

glass powder was sieved for 30 min, then the second half was sieved for 45 mins. The 

yield was found to be approximately that shown in Table 5.7. 

Approximate sample weight [g] 
BG > 100 nm 17 

5 0 < B G < 1 0 0 urn 51 

38 < BG < 50 nm 57 

BG < 38 urn 60 

Table 5.7: ICIE4 BG particle size yield. 

Fillers were dried at 250 °C in a fan oven for 4 hours and stored as per PLG. 

Figure 5.10 illustrates the shape of the filler particles. CaCOs had a cuboidal 

geometry. The HA particle shape was irregular as classified in Figure 3.1. 45S5 BG 

comprised larger particles of irregular shape mixed with a lesser quantity of small 

particles. The shape of the ICIE4 BG particles was again irregular with 

predominantly small particles and some larger particles. 

(a) (b) 
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(C) (d) 
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Figure 5.10: JEOL JSM-5300 SEM (unless otherwise stated) images of (a) CaCOs, 
(b) HA, (c) 45S5 BG (JEOL JSM-T200 SEM), (d) ICIE4 BG (JEOL JSM-T200 
SEM), (e) CaCOs showing cubic geometry of particles, (f) HA showing irregular 
shaped particles, (g) 45S5 BG showing fewer small particles, (h) ICIE4 BG showing 
larger particles dispersed amongst smaller particles, (a) to (d), scale bar = 50 (xm. (e) 
to (h), scale bar = 1 0 fim. 
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The particle size distributions of the fillers were analysed for comparison 

using the CILAS 1064 / CILAS 1180 Particle size analyser (CILAS, Orleans, France) 

(due to CILAS 1064 malfunction^). Results are detailed in Figure 5.11 and Table 5.8. 

• X X 

• 

10 100 

Particle size [pm] 

10000 

Figure 5.11: Typical particle size distribution (by volume, population density only) of 
fillers. = CaCOa, A = HA, x = 45S5 BG, o = ICIE4 BG. 

Average values (range) fum] 
CaCOa HA 45S5 BG ICIE4 BG 

Dio 3.62 (3.50-3.78) 0.74 (0.71-0.77) 7.47 (7.37-7.53) 0.72 (0.29-0.96) 

D50 16.44(16.32-16.65) 3.84 (3.66-4.06) 35.26 (34.81-35.90) 5.21 (4.30-5.84) 

Dgo 24.88 (24.58-25.42) 14.62 (14.24-15.07) 62.12(61.61-62.95) 41.08 (39.26-43.27) 

Table 5.8: Mean average particle size (by volume) for fillers. Dm, D50 and D90 = 10, 
50, 90 % (by volume), respectively, of particles are this size or less, n = 5 for CaCOg 
and HA, n = 3 for 45S5 BG and ICIE4 BG. 

It can be observed that the HA and ICIE4 BG had particles spread over a range 

of sizes, whereas CaCOa and 45S5 BG were mono-modal and had a well-defined 

modal particle size. HA had the smallest particle size, this size was encompassed by 

ICIE4 BG, but ICIE4 BG had a larger volume of particles of a bigger size. CaCOa 

had larger particles than ICIE4 BG in general, but a lesser volume of very large 

particles. 45S5 BG had the largest sized particles, comparable with the larger sizes 

found in ICIE4 BG. 

This difference in filler particle size should be acknowledged as it may be the 

cause of any differences in composite properties, as discussed in Section 3.1.3. 

' Particle size analysis was carried out on the CILAS 1180 Particle Size Analyser with assistance from 

Dr 1. Thompson, Dept. Oral & Maxillofacial Surgery, Guy's Hospital, London. 
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5.3 Discussion 

The matrix materials were thermally characterised in order to define 

processing temperatures. They were reduced to a size more comparable to that of the 

fillers, this would enable a more homogenous mixture of the powders prior to thermal 

processing of the composites. 

Filler particle size and shape were analysed in order to quantify the differences 

between them because any diversity would affect the composite properties, meaning 

that any variation in the data recorded for the different composites would not be 

simply due to material characteristics but also due to morphological variation. 

The fillers were all quite angular in shape. Average particle size ranged fi-om 

4 - 3 5 pm, with HA being the smallest and 45S5 BG the largest. The potential 

influence of the filler particle size difference was considered when discussing 

composite properties in subsequent experiments. 
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6. COMPOSITE FABRICATION PROCESS 

OPTIMISATION 

This chapter details a number of studies which were conducted to optimise the 

fabrication process using composites of PCL or PLG and CaCO]. Justification for the 

stages in the processing route is provided. The extrusion process is optimised in terms 

of barrel temperature, screw speed and material residence time in the barrel and the 

transfer moulding process is optimised in terms of moulding temperature and pressure 

used to compress the mould. 

6.1 Justification of processing route 

Details of the processing routes utilised to create test specimens are shown in 

Figure 6.1. 

Fillers 

Drying 

Polymer granules 

Milling & drying 

Compression moulding 

Extrusion, grinding & drying 

Transfer moulding 

Compression & tensile 
test specimens 

Three-point bend dynamic 
mechanical analysis & 
cell culture specimens 

Figure 6.1: Processing routes. 

Although it is logical that in order to obtain a well-mixed composite, physical 

mixing followed by extrusion, regranulation and moulding should be sufficient, tests 

were carried out to assess whether all these manufacturing stages were necessary. 

Compression test specimens were created via transfer moulding using PCL and 25 

vol% CaCOs powders (PCLC) that were either unmixed and unextruded (uu), 

unmixed and extruded (ue), mixed and unextruded (mu), or mixed and extruded (me). 
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The extrudate was reground as described in Section 7.4 prior to moulding into 

compression test specimens. The processing parameters are detailed in Table 6.1. 

Compression testing was carried out on 10 specimens per group as described in 

Section 4.2.6. 

Material PCLC 
Mixing duration fhoursl 2.5 
Extrusion temperature [°C] 175 
Extrusion screw speed [rpm] 100 
Extrusion residence time [min] 5 
Moulding temperature [°C] 175 
Moulding force [kN] 9.5 
Mould cooling time [min] 6-7 

Table 6.1: Processing parameters for process justification trials. 
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Figure 6.2: Compressive mechanical properties for PCLC either unmixed and 
unextruded (uu), unmixed and extruded (ue), mixed and unextruded (mu), or mixed 
and extruded. 10 data points per material show the spread of the data, (a) Young s 
modulus, (b) yield stress (0.1 % strain offset), (c) yield strain (0.1 % strain offset). 

Figure 6.2 shows the variation in the data for the different processing routes. 

The results suggest that extrusion reduces the variability. Mixing appears to reduce 

the spread of the data, but to a lesser degree than extrusion. The results indicate that 

processing using both mixing and extrusion will improve the repeatability of the 

results obtained. 
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An F-test was carried out to compare the variance of PCLCme data with the 

other values to ascertain whether the variances could be considered to be different. It 

was assumed that the data collected took the form of a normal random variable. 

Results are shown in Table 6.2, which tested at the 0.05 significance level. 

PCLCuu PCLCmu PCLCue 

PCLCme PCLCme PCLCme 

E fGPal n n y 
Yield stress (0.1% strain offset) [MPa] y y y 
Strain at yield stress (0.1 % strain offset) [%] n n y 
Yield stress (1% strain offset) [MPa] y y y 
Strain at yield stress (1 % strain offset) [%] y y y 

Table 6.2: Results of comparing the variance of PCLCme with other values via an F-
test to ascertain whether there was a significant difference in the variances, n = 10. a 
= 0.05. y = variances are the same, n = variances are significantly different. 

Table 6.2 shows that there is no difference in the variance for yield stress or 

yield strain (1% strain offset). There is a significant difference between PCLCme and 

both PCLCuu and PCLCmu for Young's modulus and yield strain (0.1% strain 

offset). There was no significant difference in the variance for any of the measured 

compressive properties of PCLCme and PCLCue. This suggests that extrusion did 

cause the variability of results to reduce for some of the compressive mechanical 

properties whereas mixing did not affect the variability of those results. 

It was decided to continue with both the mixing and extrusion, as mixing 

would not have any detrimental effect on the materials and may have an effect on 

other properties not assessed in this test. 

6.2 Powder mixing 

To aid the production of a homogenous composite by reducing the time 

required to mix the composite in an extruder, which can cause material degradation, 

mechanical mixing of the polymer and filler powders prior to extrusion was carried 

out. A roller mixer SRTl (Stuart Scientific, Bibby Sterilin Ltd., Staffordshire, UK) 

was used as it provided a mixing action in two dimensions (rolling circumferentially 

at 33 rpm [165] and rocking axially); which provides superior mixing to that in only 

one dimension. Vials of 3 cm^ PCL and 25 volume % CaCO] powder were mixed for 
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2.5 hours (timings based on Sharifi-Yazdi [4]). This protocol appeared to result in a 

homogenous mix, as shown in Figure 6.3. 

Figure 6.3: Optical microscope image of degree of mixing of PCL / 25 volume % 
CaCO] particles, (a) Larger PCL particles are shown mixed with smaller CaCOs 
particles, (b) PCL particles have aggregated CaCOs particles on their surface 
(indicated with white arrows). 

6.3 Extrusion process optimisation (PCL matrix) 

A micro-extruder (DSM Micro Equipment, Geleen, The Netherlands) was 

used to mix the composite material, 3 cm^ material was used in all cases. Details of 

the machine can be found in Section 4.1.1. Variables in the extrusion process that 

could affect the composite properties include material type, material quantity, 

extruder temperature, screw speed, and residence time in the barrel. It is understood 

that the parameters of process temperature, screw speed and residence time are 

interrelated. Due to limitations in time and material quantity, a thorough investigation 

of the parameters was not possible. 

The optimal extrusion temperature should be as high as possible to facilitate 

ease of processing, but without polymer degradation. This temperature was 

established for PCL-CaCOs composites (PCLC) by extruding the samples detailed in 

Table 6.3. 

The extruded samples were compared in terms of surface finish, colour and 

ease of processing. A matt surface texture can indicate that the extrusion temperature 

is too low [166]. Material discolouration can indicate either contamination or 

degradation of the polymer [166]. Low temperatures can cause excessive strain on 

the extruder, as the composite is too viscous. 
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Filling the barrel Mixing the composite 
Sample Screw speed 

[rpm] 
Time 

[s] 
Temperature 

[°C] 
Screw speed 

[rpm] 
Time 

[s] 
Temperature 

[°C] 
1 5 80 250 19 7* 250 
2 5 80 225 19 7* 225 
3 5 80 200 19 600* 200 
4 5 80 175 19 600* 175 
5 5 210' 150 19 600* 150 
6 5 330' 125 19 600* 125 

Table 6.3: Extruder parameters for process temperature optimisation. * 6 s allowed 
screws to accelerate at 2 rpm/s to the set speed. * Approximately 20 mm extrudate 
was removed at 7 s after mixing commenced. ^ Filling was more difficult at lower 
temperatures. 

A matt texture was apparent for samples processed at 150 and 125 °C. Figure 

6.4 shows discolouration of samples processed at temperatures above 200 °C. All 

samples had limited contamination from previous experiments, despite thorough 

cleaning of the extruder before use. All samples could be processed by the extruder 

with the parameters used in the trials, but filling of the barrel was more difficult at 

temperatures of 150 and 125 °C (as described in Table 6.3). These results therefore 

suggest that the best compromise could be obtained by processing at 175 °C. 

Figure 6.4: Photograph showing the relative discolouration of PCLC samples 1 to 6 
(left to right in photograph) in Table 6.3. 

Screw speed, if increased, would facilitate enhanced composite mixing in a set 

time period, but with increased shear on the material which can cause degradation. It 

was therefore necessary to establish the maximum screw speed at which there was no 

apparent polymer degradation. The effect of screw speed was visualised by analysis 

of the force recorded by the load cell at the base of the extruder barrel. Force was 

recorded every second in all cases. A decrease in the force can signify material 

degradation (see Section 4.1.1). The barrel was maintained at a temperature of 175 

°C. Filling occurred at a screw speed of 5 rpm over a period of 180 s. The screw 

speed was increased to 20 rpm (all accelerations were 2 rpm/s) for 150 s, this was to 
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enable the composite to melt to prevent excessive shear of the material (it is assumed 

that the reduction in the force seen on the lower part of Figure 6.5 is due to the 

polymer melting). The screw speed was then increased for all samples to 50, 100,150 

and 200 rpm, respectively, for 300 s. Figure 6.5 suggests that degradation occurs at 

150 and 200 rpm, this is characterised by a decline in the maximum force value over 

time. It was therefore concluded that the optimal screw speed was 100 rpm. 

1400 1 

1200 -

1000 -

g 800 -

I 6 0 0 -

400 

200 -

0 

200 rpm 

0 M IW 2M 2M 3W 4W 

Time from the commencement of force increase [si 

Figure 6.5: The reduction in the force on the DSM micro-extruder load cell at higher 
screw speeds, indicating polymer degradation. 

Residence time of the polymer in the extruder barrel should be minimised to 

reduce processing times and limit polymer degradation. However, longer processing 

times facilitate better composite mixing. To assess the onset of degradation, force and 

molecular weight were analysed. Samples were processed at 175 °C. Filling occurred 

at 5 rpm for approximately 180 s. Screw speed was then increased to 20 rpm (all 

accelerations were at 2 rpm/s) for 150 s to enable the polymer to melt. Screw speed 

was then increased for different samples to 100 rpm for 60, 120, 300, 600 and 900 s, 

respectively. Analysis of the reduction in force recorded by the load cell during 

processing suggested that samples processed for over 240-300 s may experience 

degradation, see Figure 6.6. 

Samples with residence times of 1 min, 2 min and 5 min were therefore 

analysed using gel permeation chromatography (see Section 4.2.4) to identify any 

material degradation. The extruded samples were compared with raw PCL pellets; 

results are shown in Table 6.4 and Figure 6.7. 
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Figure 6.6: Load cell data for increasing residence times. Pale grey = 60 s, mauve = 
120 s, blue = 300 s, black = 600 s, brown = 900 s (all times taken from initiation of 
100 rpm screw speed). 

Sample Mw Mn Polydispersity 
PCL as-received pellets 215 000 131 000 1.7 
Extruded PCL, 25 vol% CaCOs, 1 min 212 000 126 500 1.7 
Extruded PCL, 25 vol% CaCOa, 2 min 209 000 124 000 1.7 
Extruded PCL, 25 vol% CaCOs, 5 min 208 000 126 000 1.7 

Table 6.4: Molecular weight analysis of PCL (Rapra technology) (n = 2). 
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Figure 6.7: Molecular weight distribution of PCL samples (Rapra technology). The 
abscissa displays the increasing mass of the molecule; the ordinate is a frequency 
distribution of the mass, normalised with respect to the area. Blue = PCL as received, 
green = PCL with 25 vol% CaCOs (1 min), pink = PCL with 25 vol% CaCOg (2 min), 
black = PCL with 25 vol% CaCOs (5 min). 

It can be seen that there was a progressive decrease in the molecular weight as 

the residence time in the extruder increased; however the molecular weight after 5 

min in the extruder was still acceptably high. 

Following the molecular weight analysis, it was decided that 5 min residence 

time would be acceptable provided that the composite was sufficiently homogenous. 
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6.4 Extrusion process optimisation (PLG matrix) 

Optimisation of the extrusion process was also carried out for PLG with 25 

vol% CaCO) (PLGC). 3 cm^ of the powders to be mixed was added to vials, and 

mixed as described in Section 6.2. 

PLGC was processed via extrusion with a screw speed acceleration of 2 rpm/s, 

using the parameters outlined in Table 6.5 in order to optimise the extrusion process. 

Figure 6.8 shows a PLG extruded rod, illustrating the effectiveness of the drying 

procedure due to the lack of bubbles in the extrudate. 

The effect of temperature (samples 2-5 in Table 6.5) was assessed both 

visually and by comparing the relative forces measured by the extruder force gauge. 

Figure 6.9 shows that the material extruded at lower temperatures (samples 2 and 3) 

had a scaly effect on its surface, known as 'sharkskin'. This effect was generally 

present when the extrusion temperature was too low or if the extrusion speed was too 

high; in laminar flow the material near the wall has a lower velocity than the centre 

and must accelerate at the extruder exit to the speed of the rest of the extrudate. If the 

stresses caused by this exceed the tensile strength, the sharkskin effect will result 

[167] (it is also believed to be due to a stick-slip effect at the extruder exit [166]). 

Sample 5 appears as a thin extrudate, suggesting too high an extrusion temperature. 
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Filling the barrel Mixing the composite 
Assessment 
o f : 

Sample Screw 
speed 
[rpra] 

Time 
Is] 

Temper-
ature 
rc] 

Screw 
speed 
[rpm] 

Time 
[s] 

Temper-
ature 
PC] 

Comments 

Polymer 
moisture 
content 

1 - P L G 

only 

5 26 220 30 300 220 Virtually no bubbles 

Effects of 
temperature 

2 5 95 200 30 300 200 Sharkskin Effects of 
temperature 3 5 20 210 30 300 210 Sharkskin 

Effects of 
temperature 

4 5 56 220 30 300 220 Possibly slight sharkskin 

Effects of 
temperature 

5 5 40 240 30 300 240 Thin extrudate 

Effects of 
screw speed 
during filling 
(and mixing) 
at different 
temperatures 

6 5 35 220 30 300 220 Hard to fill Effects of 
screw speed 
during filling 
(and mixing) 
at different 
temperatures 

7 20 50 220 20 220 Extrude continuously as 
barrel hard to clean, slight 
sharkskin 

Effects of 
screw speed 
during filling 
(and mixing) 
at different 
temperatures 8 20 52 230 20 230 Extrude continuously as 

barrel hard to clean, slight 
sharkskin 

Effects of 
screw speed 
during filling 
(and mixing) 
at different 
temperatures 

9 30 27 220 30 220 Extrude continuously as 
barrel hard to clean, slight 
sharkskin 

Effects of 
screw speed 
during filling 
(and mixing) 
at different 
temperatures 

10 30 55 230 30 230 Extrude continuously as 
barrel hard to clean, slight 
sharkskin 

Force 
decrease over 
time with 
different 
screw speeds 

11 30 31 220 100 600 220 Rapid force decrease Force 
decrease over 
time with 
different 
screw speeds 

12 30 33 220 50 600 220 Quick force decrease 

Force 
decrease over 
time with 
different 
screw speeds 

13 30 71 220 30 720 220 Slow force decrease 

Effect of 
multiple 
extrusions 
without 
cleaning the 
barrel in 
between 
extrusions, 
with different 
extrusion 
times 

14 30 43 
/187 

220 30 97 
/53 

220 Sharkskin Effect of 
multiple 
extrusions 
without 
cleaning the 
barrel in 
between 
extrusions, 
with different 
extrusion 
times 

15 30 21 
/156 

220 30 179 
/148 

220 Less sharkskin 

Effect of 
multiple 
extrusions 
without 
cleaning the 
barrel in 
between 
extrusions, 
with different 
extrusion 
times 

16 30 53 
/156 

220 30 267 
/264 

220 Virtually no sharkskin 

Effect of 
multiple 
extrusions 
without 
cleaning the 
barrel in 
between 
extrusions, 
with different 
extrusion 
times 

17 30 27 
/153 

220 30 293 
/267 

220 Virtually no sharkskin 

Table 6.5: Parameters for optimisation of extrusion of PLGC. 

Figure 6.8: Sample 1 in Table 6.5 — no bubbles. 

Figure 6.9: Visual representation of the effect of temperature on the PLGC extrudate. 

Samples 2 - 5 in Table 6.5. 
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As expected, the force measured by the extruder force gauge decreased as the 

temperature increased, showing a less viscous material (Figure 6.10). 

2000 -

1750 -
200 T 

1250 -
210 "C 

P 1000 -

240JC 

0 M IM 1 * ^ 3W 3% 

Time from commencement of force increase [s] 

Figure 6.10: The effect of temperature on the material viscosity (Samples 2-5 in 
Table 6.5). 

From the temperature results, 220 °C appeared to offer the best compromise 

between processability and material degradation. It was noted that the extruder barrel 

was difficult to clean between extrusions with this material. An attempt was made to 

extrude the material continuously, with no recirculated mixing, to negate the need for 

cleaning potentially degraded material between extrusions (Samples 7-10). No 

difference was observed between the different temperatures or screw speeds, all 

samples exhibited sharkskin, suggesting they were solidifying on exit, possibly 

because of too rapid an extrusion time. This method also reduced mixing time. These 

settings were therefore rejected. 

The effect of screw speed on the material over time is shown in Figure 6.11. It 

can be seen that at higher screw speeds the material melts / degrades very rapidly. 

This excessive shear caused by the rapid screw speed may cause greater degradation 

of material. Therefore the lower screw speed was selected. 

The effect of increased residence time was assessed for samples 14-17 in 

Table 6.5, as shown in Figure 6.12. Increasing residence time appeared to cause more 

degradation to occur, shown by the decreasing force measurements in Figure 6.12 

which may be due in part to the polymer melting. Longer mixing is however desirable 

for a more homogenous composite, therefore samples 16 and 17 were sent for 

molecular weight analysis. 
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Figure 6.11: The effect of screw speed on material viscosity (Samples 11-13 in Table 
6.5). 

1000 -

800 -

S 
g 600 

400 

200 -

0 

mo 3M 4M 

Time from cmnmencemenl of 30 rpm screw speed Is] 

500 

Figure 6.12: The effect of increasing residence time in the extruder barrel. Samples 
14-17, Table 6.5. (x-axis is from 30 rpm, i.e. it includes barrel filling). 

The degradation of the composite was measured using GPC, results are shown 

in Table 6.6 (which also shows the lack of degradation from immediate extrusion and 

the effect of temperature increase) and Figures 6.13 to 6.15. 

Sample Mw Mn Polydispersity 
PLG, raw pellets 323 500 156 000 2.1 
PLGC, 220 °C, 420 s total residence time, first 
extrusion (sample 16 Table 6.5) 

214 500 89 800 2.4 

PLGC, 220 "C, 420 s total residence time, second 
extrusion (sample 17 Table 6.5) 

222 000 101 000 2.2 

PLGC, 220 °C, 20 rpm, immediate extrude (sample 
7 Table 6.5) 

273 000 141 500 1.9 

PLGC, 230 °C, 20 rpm, immediate extrude (sample 
8 Table 6.5) 

247 500 130 500 1.9 

Table 6.6: Molecular weight analysis of PLG and PLGC (Rapra technology) (n = 2). 

1 2 2 



Chapter 6. Composite Fabrication Process Optimisation 

Molecular Distribution Weight 
R a p r a T e c h n o l o g y L i m i t e d 

Log M 

Figure 6.13: Molecular weight distribution of PLG. Blue = raw PLG pellets, red = 
PLG powder, green = dried PLG powder, pink = sample 16 Table 6.5 (first extrusion). 
Results are in duplicate. 

Molecular Weight Distribution 
R a p r a T e c h n o l o g y L i m i t e d 

S 0.73-

Log M 

Figure 6.14: Molecular weight distribution of PLG. Blue = raw PLG, red = sample 17 
Table 6.5 (second extrusion), green = sample 7 Table 6.5, pink = sample 8 Table 6.5. 
Results are in duplicate. 

Differential Pressure 
R a p r a Technology Limited 

Retention Volume 

Figure 6.15: Differential pressure chromatogram for PLG samples. Blue = raw PLG 
pellets, red = PLG powder, dark green = dried PLG powder, pink = sample 16 (first 
extrusion), black = sample 17 (second extrusion), yellow = sample 7, bright green = 
sample 8. (All samples are from Table 6.5). Note abscissa is reversed with respect to 
increasing molecular weight. 

The results show that processing for a longer period of time (sample 17, Table 

6.5) reduced the molecular weight, but using the barrel for a second extrusion (sample 
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16, Table 6.5) did not reduce the weight further (the slight increase in molecular 

weight was likely due either to inter-batch variation or GPC experimental error). 

Immediate extrusion at a lower screw speed did not reduce the molecular weight as 

much as an increased residence time (sample 7, Table 6.5). Increased temperature 

(sample 8, Table 6.5), even over the short residence time, appeared to reduce 

molecular weight. 

Although the increased residence time reduced the molecular weight of the 

polymer, it is still within the recommended range for orthopaedic biomaterials 

[34,69], and it was considered that this timescale would enable sufficient mixing to 

produce a homogeneous composite (see Figure 7.5). 

It was therefore decided to extrude at 220 °C, 30 rpm screw speed, mixing for 

5 min, extruding, then repeating the process with very little cleaning of the barrel 

between batches of the same material. 

6.5 Moulding process optimisation (PCL matrix) 

The tensile and compression test specimens would be created using a transfer 

moulding process as detailed in Section 4.1.2 and tested as described in Sections 4.2.6 

and 4.2.7. In order to obtain the best mechanical properties, the variables of moulding 

temperature, pressure (based on the force applied to press the plunger into the mould 

to push the material into the cavities) and rate of pressure increase needed to be 

assessed in terms of their effect on mechanical properties. This was carried out using 

PCLC and PLGC powders. 

Figure 6.16 shows the effect of the different moulding parameters on the 

compressive properties of PCLC. In order to determine the significance of any 

differences, the data was assessed on a graph to ensure it approximated a normal 

distribution, then an F-test was performed to ensure variances were the same, then an 

unpaired two-tailed t-test assuming equal variances (or not, if necessary) was 

performed to compare the effects of force and rate of force increase. Results are 

shown in Table 6.7. Increasing the temperature was found to significantly increase 

the yield stress (1 % strain offset) and increasing the pressure was found to 

significantly reduce the yield stress (1 % strain offset). Slowing the rate of pressure 

increase (slowP: 2 s per 0.03 kN/mm^ from 0.03 kN/mm^ to 0.2 kN/mm^) was found 
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to significantly increase the stiffness and reduce the yield strain (1 % strain offset) in 

comparison to a high pressure, and to significantly reduce the yield stress and strain 

(0.1 % strain offset) in comparison to the low pressure. 

20 

15 

10 

5 

0 
E [GPa] Yield stress 

(1% strain 

offset) [IMPa] 

Strain at yield Yield stress Strain at yield 

stress (1% (0.1% strain stress (0.1% 

strain offset) offset) [MPa] strain offset) 

[%] [%] 

Figure 6.16: Compressive properties for PCLC under different moulding conditions. 
Pale grey = 175 °C / 0.2 kN/mm^, dots = 125 °C / 0.2 kN/mm^ dark grey = 125 °C / 
0.07 kN/mm^, squares = 125 °C / slow? (2 s per 0.03 kN/mm^ from 0.03 kN/mm^ to 
0.2 kN/mm^). Mean + s.d. n > 9. 

Compare: Variances 
equal? 

Significant 
difference? 

Level of 
significance 

Temperature E yes no n/a 
(175 °Cv l25°C) Yield stress 1% yes yes P<0.05 

Yield strain 1% yes no n/a 
Yield sti'ess 0.1% yes no n/a 
Yield strain 0.1% yes no n/a 

Pressure E yes no n/a 
(0.2 kN/mm^ v 0.07 
kN/mm^) 

Yield stress 1% yes yes P<0.005 (0.2 kN/mm^ v 0.07 
kN/mm^) Yield strain 1% yes no n/a 

Yield stress 0.1% yes no n/a 
Yield strain 0.1% yes no n/a 

Rate of force increase E yes yes P<0.05 
(0.2 kN/mm" v slowP) Yield stress 1% yes no n/a 

Yield strain 1% yes no n/a 
Yield stress 0.1% yes no n/a 
Yield strain 0.1% yes yes P<0.01 

Rate of force increase E yes no n/a 
(0.07 kN/mm' v 
slowP) 

Yield stress 1% yes no n/a (0.07 kN/mm' v 
slowP) Yield strain 1% yes no n/a 

Yield sti-ess 0.1% yes yes P<0.05 
Yield strain 0.1% no yes P<0.05 

Table 6.7: Results of F-tests and unpaired two-tailed t-tests for 
properties of PCLC. 

compressive 

Results of tensile tests on PCLC samples are shown in Figure 6.17. The 

significance of the effects of temperature and pressure were assessed using an 

unpaired two-tailed t-test. Increasing the pressure was found to significantly increase 
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the maximum stress at yield. No significant effects were found for altering the 

moulding temperature. 
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Figure 6.17: Tensile properties for PCLC under different moulding conditions. Mean 
+ s.d. n > 10. * significantly different to one another compared using an unpaired two-
tailed t-test, a = 0.05. 

6.6 Moulding process optimisation (PLG matrix) 

The effect of moulding parameters on PLGC was also assessed. The results of 

compressive tests are shown in Figure 6.18. 

100 

E [GPa] Ultimate compressive Strain at UCS [%] 

stress (UCS) [MPa] 

Figure 6.18: Compressive properties for PLGC under different moulding conditions. 
Mean + s.d. n = 10. Light grey = 220 °C / 0.2 kN/mm^, dots = 190 °C / 0.2 kN/mm^, 
dark grey = 190 °C / 0.07 kN/mm^. 

Data was found to approximate a normal distribution by examining its 

distribution on a graph, an F-test was performed to see if variances were the same, and 

an unpaired two-tailed t-test assuming equal variances was carried out to assess the 

significance between two sets of data. Results of these tests are shown in Table 6.8. 
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Figure 6.18 and Table 6.8 show that increasing the moulding pressure 

significantly reduced the Young's modulus and ultimate compressive strength. 

Altering the temperature had no significant effect. 

Compare Variances equal? Significant 
difference? 

Level of 
significance 

Temperature E yes no n/a 
UCS yes no n/a 
Strain at UCS yes no n/a 

Pressure E yes yes P<0.05 
UCS yes yes P<0.05 
Strain at UCS yes no n/a 

Table 6.8: Results of F-tests and unpaired two-tailed t-tests for compressive 
properties of PLGC. 

Results of tensile tests on PLGC are shown in Figure 6.19. Statistics were 

performed as for compressive tests, two data sets were found to have unequal 

variances and therefore an unpaired two-tailed t-test for unequal variance was 

perfomied for these. No significant difference was found when comparing the 

different temperature and pressure settings for any tensile property. 
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Figure 6.19: Tensile properties of PLGC under different moulding conditions. Light 
grey = 220 °C / 0.2 kN/mm^ dots = 190 °C / 0.2 kN/mm\ dark grey = 190 °C / 0.07 
kN/mm . Mean + s.d. n > 5. 

6.7 Discussion 

The research in this chapter has focussed on the justification for and 

optimisation of the processing routes used to manufacture the PCLC and PLGC 

composites in order to obtain well-mixed composites with minimal degradation and 

good mechanical properties. 

Extrusion of the composites was shown to reduce variability in compressive 

properties of PCLC composites. Mixing did not have a significant effect, but as it 
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caused no degradation of the material, it was decided to maintain the mixing 

procedure prior to extrusion. 

Extruder settings were optimised for PCLC and PLGC in terms of barrel 

temperature which was assessed visually and from load cell data for PLGC, screw 

speed which was examined using the load cell data, and residence time of the material 

in the barrel which was again visualised through load cell data as well as GPC. 

From the results obtained, it was decided that the optimal extruder settings to 

ensure a balance between maximum mixing for a homogenous composite and 

minimum degradation for PCLC were 175 °C barrel temperature, 100 rpm screw 

speed, 5 min residence time in the barrel. For PLGC, these settings were 220 °C, 30 

rpm and 5 min with minimal cleaning of the barrel between extrusions of the same 

material. 

Comparison of the transfer moulding parameters for PCLC and PLGC in 

tension and compression suggested that in general altering the moulding temperature 

had little effect on the properties, except that an increase in temperature resulted in a 

significant increase in compressive yield stress (1 % strain offset) for PCLC. 

Increasing the pressure tended to reduce the properties, except for PCLC in tension 

where the maximum stress at yield was increased. This may be because the pressure 

was applied rapidly, therefore the material did not have time to solidify in the cavities, 

but was partly ejected through the air vents. This hypothesis was supported because it 

was found for PCLC in compression that a slower increase in pressure compared to 

0.2 kN/mm^ resulted in a significantly higher Young's modulus (although yield strain 

(1 % strain offset) was reduced). In comparing the slow pressure increase with the 

0.07 kN/mm^ pressure, the yield stress and strain (0.1 % strain offset) were seen to 

significantly reduce, but no other properties were significantly affected. Tensile 

properties seemed to be less significantly affected than compressive properties by 

alterations in the moulding parameters. 

The results suggested that the same temperatures could be used for both 

extrusion and moulding, i.e. 175 °C for PCLC and 220 °C for PLGC. It was decided 

to use a slow increase in pressure (2 s per 0.03 kN/mm^ from 0.03 kN/mm^ to 0.2 

kN/mm^) for moulding the specimens because Young's modulus, yield stress and 

strain (1 % yield offset) were similar for both settings of low pressure and slow 

pressure increase. 
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7. COMPOSITE FABRICATION PROCESS -

ALL MATERIALS 

In this chapter, adjustments in the processing parameters for the different 

composites are detailed. Composite homogeneity is assessed and the effects of 

processing on material thermal characteristics and polymer molecular weight are also 

presented. Surface analysis is carried out to characterise composite hydrophilicity. 

7.1 Extrusion of PCL matrix composites 

3 cm^ of PCL and each of the four filler powders (25 vol% filler) were added 

to vials and mixed for 2.5 hours (timings based on Sharifi-Yazdi [4]) using a two-axis 

roller mixer (SRTl, Barloworld Scientific Ltd., Staffordshire, UK) at 33 rpm, 16 mm 

amplitude. PCL composite samples were extruded using the optimised parameters 

from the previous chapter; 175 °C barrel temperature, 100 rpm screw speed and 300 s 

barrel residence time. The resulting extruded rods are shown in Figure 7.1. PCL4B 

extrudate was thinner than the other composites and appeared to be less viscous in the 

molten state. The differences in the colour of the rods (e.g. PCLH was slightly grey, 

this was unlikely to be degradation as the polymer would turn brown in this case) was 

attributed to the chemical nature of the filler materials. 

l i i ini 

Figure 7.1: Extruded PCL composite samples. From left to right; PCLC, PCLH, 

PCL4B, PCLIB. 

7.2 Extrusion of PLG matrix composites 

3 cm^ of PLG and each of the four filler powders (25 vol% filler) were added 

to vials and mixed as per PCL powders. Extrusion was carried out at settings 
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Optimised in the previous chapter: 220 °C barrel temperature, 30 rpm screw speed. 

Barrel residence time was 420 s including filling of the barrel. The barrel was not 

cleaned between extrusions, but emptied until the force reading from the load cell 

dropped to an asymptotic value. PLGC and PLGH were extruded in this manner. 

PLG4B became very caramelised using the settings optimised for PLGC after 

217 s which included time to fill the barrel and some mixing ('fill and mix') as shown 

in Figure 7.2, it was therefore extruded at this time point and smoke was expelled 

from the extruder nozzle. A second attempt was made to extrude at this temperature 

(Figure 7.2), but was terminated after 117 s due to caramelisation of the composite. 

Extrusion at 190 °C, 120 s fill and mix yielded a slightly caramelised extrudate 

(Figure 7.2). 180 °C, 120 s fill and mix resulted in a beige extrudate (not shown). 180 

°C with no recirculation of the mixture in the barrel took 51 s for the material to pass 

along the barrel to the nozzle. Although this method did not provide optimal mixing, 

it was used in future extrusions of this composite in order to prevent excessive 

degradation of the polymer. 

Figure 7.2: Extruded PLG4B. Left to right: 220 °C - 217 s fill and mix, 220 °C - 117 s 
fUl and mix (from extruder barrel), 190 °C - 120 s fill and mix. 

Figure 7,3: Extruded PLGIB. Left to right; 220 °C - 410 s fill and mix, 190 °C - 410 
s fill and mix. 

The PLGIB composite was found to degrade excessively using PLGC settings 

(see Figure 7.3). The temperature was reduced to 190 °C (Figure 7.3); the extrudate 

was thin, suggesting too high temperature or screw speed, or too long residence time 
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within the barrel. Extrusion using 190 °C, 120 s fill and mix appeared to yield 

extrudate with a similar consistency to that of the PLGC composites and was therefore 

used to produce the composite. 

For clarity, the final extruder settings are shown in Table 7.1. 

Material Barrel 
Temperature 

[°C] 

Screw speed 
[rpm] 

Time to fill the 
barrel and mix the 

composite [s] 
PLGC 220 30 420 
PLGH 220 30 420 
PLG4B 180 30 51 
PLGIB 190 30 120 

Table 7.1: Extrusion parameters for PLG composites. 

The extruded PLG composites are shown in Figure 7.4. Despite the reduced 

extruder temperature and residence time, PLG4B extrudate rods were thinner and less 

viscous in the molten state than those of the other composites. 

Figure 7.4: Extruded PLG composites. From left to right; PLGC, PLGH, PLG4B, 

PLGIB. 

7.3 Homogeneity of PLG matrix composites 

Initial attempts to assess the homogeneity of the composites using 

backscattered electrons in an SEM to visualise the different phases of PCLC and 

PLGC surfaces (created by immersion of an extruded rod in liquid nitrogen followed 

by splitting the rod with a razor blade) were unsuccessful because filler particles 

appeared to have fallen out of the surface, indicating poor interfacial adhesion 

between the matrix and filler, and so image analysis to quantify the area of matrix and 

filler would have been erroneous. 

The degree of mixing of the composites was assessed by taking 15-20 mg of 

the extruded composites in triplicate and analysing them via TGA using the combined 
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DTA/TGA described in Section 4.2.3 with data collected every 1-2 s. PLC alone 

was the negative control and filler alone was the positive control. The theoretical 

wt% filler was calculated using density values of 1.24, 2.93, 3.1, 2.7, 2.87 g/cm^ for 

PLG [168], CaCOj [169], HA [170], 45S5 BG [22,171] and ICIE4 BG [172], 

respectively. Samples were heated to 500 °C at 10 °C/min in order to remove the 

polymer from the composite to be able to weigh the filler and compare this with the 

predicted values to assess the homogeneity of the composite. A homogenous mix 

would yield a wt% filler which was consistently comparable to the expected wt% 

filler. These settings did not allow the weight to stabilise for PLG4B, this was 

thought to be due to the 45S5 BG filler partially sintering at this temperature and 

trapping the polymer within. A second experimental run was therefore carried out for 

this material, heating to 700 °C to remove the polymer from the composite. Results 

are shown in Figure 7.5. 
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Figure 7.5: TGA of PLG composites assessing degree of homogeneity. = PLG, — = 
filler only, — = composite (n = 3), — = specified value, (a) PLGC, (b) PLGH, (c) 
PLG4B, (d) PLGIB. Td of PLG = 281 °C. Note; higher temperature for PLG4B (see 
text), therefore for PLG4B, n = 2 for PLG and 45S5 BG, n = 6 for PLG4B. 

132 



Chapter 7. Composite Fabrication Process - All Materials 

The results showed that the composites were well mixed. The actual wt% filler 

was equal to the theoretical value within 2.78, 2.45, 4.55, and 2.24 % for PLGC, 

PLGH, PLG4B and PLGIB, respectively. The shorter extrusion mixing time of the 

PLG4B and PLGIB composites did not appear to affect the homogeneity of the 

composite. The reproducibility of the weight loss curve for the composites therefore 

suggested that they were homogenous, at the scale of 15-20 mg sample size. This 

technique does not assess the homogeneity of the composite at a large scale (i.e. 

grams of the material may show inhomogeneity), or at a very small scale. It was 

noted firom the graphs that the polymer degradation temperature (Td) was different for 

the various composites. Td was defined as when the weight dropped below 99 % of 

the original weight and was measured from one of the representative graphs for each 

material, results are depicted in Figure 7.5. It can be observed that Td for PLGC and 

PLGH was similar to PLG at 280-282 °C, but was lower for the composites with the 

bioactive glass fillers at 202 and 238 °C for PLG4B and PLGIB, respectively. 

7.4 Granulation of extrudate 

In order to enable uniform moulding of the extrudate over a short timescale, 

the extrudate was ground into a powdered form. The first 10 mm of extrudate 

(labelled at extrusion) was discarded to reduce contamination. Extruded rods were cut 

into large pellets (approximately 6 mm long) using wire cutters to allow the material 

to be fed into the grinder. The pellets were immersed in liquid nitrogen for a 

minimum of 3 minutes to make them brittle and therefore easier to grind. 

Approximately 1 level dessert spoon of granules was then fed into a coffee grinder 

(Haden, Salton Europe Ltd, Manchester, UK) and milled for 30 s, pause for 10 s (to 

prevent overheating of the grinder), milled for 20 s, pause for 10 s, milled for 30 s. 

PCL composites were difficult to grind due to their low Tg, they were therefore re-

cooled and re-ground as before. The ground PLG composites were fed through a 1 

mm sieve (Endecotts Ltd, London, UK) and the process of cooling, grinding and 

sieving was repeated until all the material was ground. Any material not passing 

through the sieve was cooled, reground and sieved as before; so that all PLG 

composite powder was of a particle size less than 1 mm. 
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PCL composites were dried at room temperature for 7 days. PLG composites 

were dried in a vacuum oven for 2.75 hours at 100 °C, this was then reduced to 80 °C 

for 2.75 hours, at a vacuum pressure of 1 bar to remove any condensation caused by 

immersion in liquid nitrogen. Powder was then stored in airtight bags in a desiccator 

with indicating silica gel and phosphorous pentoxide at 4 °C until use. The powdered 

composites are shown in Figure 7.6. 

Figure 7.6: PCL (left) and PLG (right) ground composites. From left to right: PCLC, 
PCLH, PCL4B, PCLIB, PLGC, PLGH, PLG4B, PLGIB. 

7.5 Specimen moulding 

PCL composites were moulded using the settings optimised in Section 6.5. 

PLG composites were moulded using the settings optimised in Section 6.6, with 

temperatures reduced to 180 and 190 °C for PLG4B and PLGIB, respectively. PLG4B 

shattered on removal during the TM process; therefore the samples were reheated 

until they could be pressed from the mould. 

7.6 Thermal characteristics 

The effect of compression moulding on PCL and composite samples in 

duplicate was assessed by DSC as described in Section 4.2.3. 5.6 - 6.1 mg samples 

were heated at 10 °C/min from -50 to 100 °C to assess the thermal characteristics of 

the material after CM. Samples were then cooled to -50 °C and reheated to 100 °C to 

assess the material thermal characteristics independent of the effects of processing. 

Data was recorded every 0.2 s. Representative results are shown in Figure 7.7. 
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Figure 7.7: Typical DSC thermographs for PCL and composites after CM, (a) First 
heating - 5 0 to 100 °C (b) Cooling 100 to -50 °C (c) Second heating -50 to 100 °C. 
Heating rate 10 °C/min. Lines: solid black = PCL, dotted black = PCLC, dashed black 
= PCLH, solid grey = PCL4B, dotted grey = PCLIB. Results were obtained in 
duplicate and a typical example is shown. 

In Figure 7.7, all the materials have similar thermal characteristics except that 

in cooling (Figure 7.7b), PCL has a wider crystallisation peak and PCL4B has a lower 

Tc. The wider peak suggests that crystallisation took longer to occur for PCL, 

possibly because there were no filler particles which might act as nucleation sites for 

135 



Chapter 7. Composite Fabrication Process - All Materials 

crystallisation. The lower for PCL4B may be because the matrix has 

discontinuities due to the presence of the filler. On the second heating run, the melt 

temperature appears to be reduced for all materials. The lower Tm may be due to a 

lower molecular weight caused by degradation from a second heating cycle which 

would have reduced the crystal perfection, or the crystals may be smaller. 

The effect of the processing routes on duplicate samples of PLG and 

composites was assessed using DSC, as described in Section 4.2.3. 5.0-6.0 mg 

samples were heated at 10 °C/min from 0 to 180 °C, cooled to 0 °C and reheated to 

180 °C to assess both the effects of processing on the thermal properties via the first 

heating run, and the material properties independent of the processing via the second 

heating run. Values were recorded every 0.2 s. Typical DSC curves for the different 

materials and processes are shown in Figures 7.8-7.10. 
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Figure 7.8: Representative examples of DSC curves for first heating run. (a) PLC, (b) 
extruded materials, (c) TM, (d) CM. Lines: (a) solid black = PLG pellet, dotted black 
= PLG powder, solid grey = PLG TM, dotted grey = PLG CM, (b)-(d) solid black = 
PLG, dotted black = PLGC, dashed black = PLGH, solid grey = PLG4B, dotted grey 
- PLGIB. 

The curves in Figure 7.8a suggest that the milling process caused a double 

melting peak which is indicative of secondary melting of the phase which 

recrystallised in the DSC process, as detailed in Section 4.2.3. This difference in 

thennal properties in comparison with the PLG granules was possibly because the 

exterior of the polymer was heated during the milling process, and this was then 

quenched by the liquid nitrogen. This may have prevented any melted polymer from 

recrystallising. The CM and TM processes had a similar effect on PLG (Figure 7.8a), 

Tg had a large peak which may be attributed to ageing of the material during storage 

(see Section 4.2.3). The material was not crystallised to its full capacity due to the 

cooling process of the press platens. 

The extrusion process, shown in Figure 7.8b, yielded a similar polymer 

structure for all composites with only a small degree of recrystallisation. 
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The TM (Figure 7.8c) and CM (Figure 7.8d) processes appeared to have a 

similar effect on the polymer structure, with TM having a more pronounced effect. 

The Tg of all materials had a peak which indicated ageing during storage. Tg was 

reduced for PLG4B in CM and TM, for PLGIB in TM. This only occurs when the 

polymer is extremely degraded, as described by Equation 4.3. After TM and CM 

PLG4B appeared to have two TgS, possibly because more chain scission occurred in 

PLG causing two distinct domains which resulted in two TgS, this may not have been 

detected by the less sensitive GPC method. A recrystallisation peak was apparent for 

all materials in CM and TM, less so for PLG because it was not subjected to extrusion 

before moulding. A reduction in Tc and T^ was apparent for PLG4B and PLGIB in 

TM, this is again indicative of degradation. Reheating of PLG4B in the TM process to 

release the samples had no significant effect on the composite structure, as TM and 

CM (which was not reheated) had similar characteristics. 
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Figure 7.9: Representative examples of DSC curves for cooling run. (a) PLG, (b) 
Extruded materials, (c) TM, (d) CM. Lines: (a) solid black = PLG pellet, dotted black 
= PLG powder, solid grey = PLG TM, dotted grey = PLG CM, (b)-(d) solid black = 
PLG, dotted black = PLGC, dashed black = PLGH, solid grey = PLG4B, dotted grey 
= PLGIB. 

The curves for all PLG and composite materials and processes in the cooling 

run, Figure 7.9, were very similar. Tg is approximately 60 °C. 

Temperature [ C] 
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Figure 7.10: Representative examples of DSC curves for second heating run. (a) 
PLG, (b) Extruded materials, (c) TM, (d) CM. Lines: (a) solid black = PLC pellet, 
dotted black = PLG powder, solid grey = PLG TM, dotted grey = PLG CM, (b)-(d) 
solid black = PLG, dotted black = PLGC, dashed black = PLGH, solid grey = PLG4B, 
dotted grey = PLGIB. 

PLG granules and milled powder appear to have a greatly reduced T^ peak 

area after the second heating run (Figure 7.10a) in comparison to the first heating run 

(Figure 7.8a), possibly because there was less time for the polymer to crystallise 

following the DSC cooling and reheating processes. TM and CM curves for PLG 
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appear similar to the first heating run, with CM having a slightly reduced peak 

area. 

For the extruded samples, a recrystallisation peak was observed for all samples 

during the second heating run (Figure 7.10b), possibly because the samples did not 

have time to fully crystallise with the cooling rate used, the double Tm peaks seen in 

this figure are likely due to the specimens not fully melting after the first heating run 

causing a different crystalline structure. Tg and Tm are greatly reduced for PLG4B, 

this suggests that the polymer has degraded considerably during the second heating 

run. 

TM and CM have similar curves (Figures 7.10c and 7.10d) and are similar to 

those for the first heating run (Figures 7.8c and 7.8d) except that PLG4B does not 

have an obvious double Tg and PLG has a lower Tc and Tm peak area. All samples 

(except PLG4B) have a more pronounced double Tm peak than during the first heating 

run, again this may be related to incomplete melting after the first heating run and to 

the cooling rate used. PLG4B has a lower Tm and a lower peak area for both Tm and 

Tc after the second heating run, this may be because the polymer is excessively 

degraded and cannot crystallise. 

7.7 Molecular weight of PLG matrix composites 

In order to more accurately assess the degradation in molecular weight caused 

by the processing of the composites, GPC was carried out by Rapra technology as 

described in Section 4.2.4. 

All GPC chromatograms were monomodal, as shown in Figure 7.11. The 

results in Figure 7.11 used the refractive index (concentration) detector alone, the 

molecular weight following CM is not shown as the trends were similar to TM. The 

response was quite small (about 10 % of polystyrene reference materials), thus the 

graphs were more noisy than normal. A differential pressure (viscosity) detector was 

also used; this is more sensitive to high molecular weight polymer. Differential 

pressure chromatograms (not shown here) confirmed the molecular weight drop seen 

in the conventional GPC approach, no second peak was seen for PLGC after TM, 

suggesting that this was an experimental artefact. 
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Figure 7.11: Molecular weight distribution of (a) raw PLG pellets and extruded PLG 
composites, (b) TM PLG and PLG composites, showing the difference in degradation 
between materials. Blue = PLG, red = PLGC, green = PLGH, pink = PLG4B, black = 
PLGIB (Rapra technology). 

Raw PLG pellets were found to have a weight average molecular weight of 

approximately 310 000 Da. The trends for both weight average (Mw), shown in 

Table 7.2 and Figure 7.12 and number average (Mn) molecular weight, shown in 

Table 7.2, were similar. 

Sample Processing method Mw Mn Mw 
[% remaining 
compared to 

raw PLG] 

Mn 
1% remaining 
compared to 

raw PLG] 

Polydispersity 

PLG Raw pellets* 323 500 156 000 n/a n/a 2.1 
PLG Raw pellets** 313 000 131 000 n/a n/a 2.4 
PLG Raw pellets*** 292 100 121 650 n/a n/a 2.4 
PLG Raw pellets**** 305 500 134 500 n/a n/a 2.3 
PLG Milled 315 000 163 000 97 104 1.9 
PLG Milled & dried 308 500 157 000 95 100 2.0 
PLG Extruded 262 500 125 500 86 93 2.1 
PLGC Extruded 193 000 78 850 62 60 2.5 
PLGH Extruded 174 000 75 500 56 58 2.3 
PLG4B Extruded 124 000 56%W 40 43 2.2 
PLGIB Extruded 142 500 68 400 46 52 2.1 
PLG Transfer moulded 266 000 119 000 80 91 2.2 
PLGC Transfer moulded 160 000 61800 51 47 2.6 
PLGH Transfer moulded 136 000 56 050 43 43 2.4 
PLG4B Transfer moulded 24850 10 200 8 8 2.5 
PLGIB Transfer moulded 103 500 46 850 33 36 2.2 
PLG Compression moulded 243 500 107 000 83 88 2.3 
PLGC Compression moulded 170 000 75 100 58 62 2.3 
PLGH Compression moulded 145 000 63 750 50 52 2.3 
PLG4B Compression moulded 53 870 19 800 18 16 2.7 

PLGIB Compression moulded 96 910 49 950 33 41 2.0 

Table 7.2: Molecular weight analysis of PLG and composites (Rapra technology) (n 
= 2). * = GPC run at same time as milled (and milled & dried) PLG. ** = GPC run at 
same time as extruded and transfer moulded samples. *** = GPC run at same time as 
compression moulded samples. **** = GPC run at same time as extruded PLG 
samples. 

142 



Chapter 7. Composite Fabrication Process - All Materials 

100 
90 
80 

I 70 
i 60 
; 50 
I 40 
! 30 -

20 

10 

0 

PLGIB 

? a. 

a. 

I 
t 

Z 
» PLC PLGC PLGH PLG4B puaB 

(a) (b) 
Figure 7.12: Reduction in weight average molecular weight during processing (Rapra 
technology) (n = 2). Dark grey = effect of milling on raw polymer, light grey = effect 
of drying on milled polymer, dots = effect of extrusion on milled & dried polymer, 
diagonal stripes = effect of moulding on extruded polymer, vertical stripes = % Mw 
remaining after processing, (a) TM, (b) CM. 

Milling and drying had only a small effect on the molecular weight of the PLG 

material. Extrusion caused the greatest degradation in all materials, with 40-62 % of 

the original Mw remaining for the composites after this process. Due to the high 

initial molecular weight of the polymer, the remaining material still had a Mw in 

excess of 100 000 Da following extrusion. Degradation effects were pronounced for 

the CM and TM samples, but less so than extrusion. A similar degree of degradation 

could be observed for the two processes, with 8-58 % of the original Mw remaining 

for the composite samples (results for PLG showed less degradation because the PLG 

had not been extruded before moulding as no homogenisation was required for this 

material). PLGC and PLGH showed a similar degree of degradation in all processes, 

with PLGH undergoing slightly more degradation. PLG4B and PLGIB underwent 

similar degradation following extrusion, but PLG4B showed a greater degradation 

after CM and TM. This excessive degradation was probably due to the modified 

extrusion procedure which meant that the composite was at elevated temperature for a 

short period of time, but the moulding procedures involved longer periods at elevated 

temperatures due to the nature of the processes. 

No real pattern could be seen in the PDI of the samples. It appeared that the 

PDI of PLG4B increased after TM and particularly CM. This is likely due to a 

spreading in the molecular weight distribution following processing, as shown in 

Figure 7.11. 
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7.8 Hydrophilicity of PLG matrix composites 

The surface properties of the CM samples were assessed because a more 

hydrophilic composite would be more likely to encourage the ingress of water during 

processing and during degradation trials. The hydrophilicity of the samples was 

analysed by measuring the contact angle of a drop of deionised water on the material 

surface using a goniometer as described in Section 4.2.5. The mean values of left and 

right contact angle measurements for 5 samples were averaged. Significance in 

comparison to PLG was assessed by means of a two-tailed unpaired t-test carried out 

using Graph?ad software (GraphPad QuickCalcs, GraphPad Software Inc., CA, 

USA). Results are shown in Table 7.3. 

Average contact 
angle at 95 s 

[degrees] (s.d.) 

PLG 53.68 (6.57) 

PLGC 67.60(1.91)** 

PLGH 65.22 (4.78)* 

PLG4B 45.78 (3.93)* 

PLGIB 57.86 (6.58) 

Table 7.3: Average contact angle of deionised water on material surface. Each 
reading is an average of the angle measured at the left and right side of the droplet, (n 
= 5). *Significantly different to PLG (P < 0.05), **significantly different to PLG (P < 
0.01). 

The results show that there was no significant difference in the contact angle 

of PLGIB when compared to PLG. PLGC and PLGH were significantly more 

hydrophobic than PLG. PLG4B was significantly more hydrophilic than PLG. 45 S 5 

BG is known to be more soluble than ICIE4 EG due to its higher Na content and 

lower SiOi content [99] which will affect its reaction to water. These differences in 

hydrophilicity may have had an effect on the composite response to water during 

processing and may affect hydrolytic degradation characteristics. 

7.9 Discussion 

This chapter has described the alterations in processing settings required to 

produce the different composite materials satisfactorily. The homogeneity of PLG 
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composites was measured and all materials were thermally characterised via DSC. 

The degree of polymer degradation of PLG and composites was examined via GPC 

and surface hydrophihcity was assessed. 

It was possible to extrude all composites with the same settings using PCL as 

the matrix, with PCL4B appearing less viscous in the molten state. PLG, being more 

susceptible to thermal degradation than PCL [71], required a reduction in temperature 

and residence time for PLG4B and PLGIB during extrusion to obtain composites with 

a similar consistency. It was speculated that the slightly larger particle size of the 

45S5 BG might have caused excessive degradation during extrusion due to increased 

shear, however extrusion with a smaller particle size had been attempted previously 

with similar results (unpublished data) and a larger particle size had been selected in 

order to try to reduce the surface area of the particles to reduce any moisture 

absorption which would cause degradation. Joseph et al. [173] suggest that the 

surface area (which can be related to particle size) and morphology of filler particles 

have a large influence on the shear viscosity of composite melts and the composite 

processability for HA - HDPE composites. Wang et al. [124] thermally processed 

45S5 BG particles with HDPE with little molecular weight loss, particles had a size 

such that D50 was 46 [xm with an angular morphology - but HDPE may be more 

resistant to degradation than PLG and the particle shape is slightly different to this 

study. Wang [174] suggests that the angular particle shape (as for 45S5 BG particles 

in this study) is not preferred in composite design. 

Actual filler content was determined using a similar method to that of Nazhat 

et al. [175]. The reproducibility of the TGA weight loss curve for the PLG 

composites suggested that they were homogenous, at the scale of 15-20 mg sample 

size. This technique does not assess the homogeneity of the composite at a large scale 

(i.e. grams of the material may show inhomogeneity), or at a very small scale (i.e. 

there may be filler agglomeration at a very small scale). The shorter extrusion mixing 

time of the PLG4B and PLGIB composites did not appear to adversely affect the 

homogeneity of the composite. 

In TGA, PLG4B and PLGIB lost mass at a lower temperature than PLG, 

PLGC and PLGH, this suggests that the PLG is degrading at a lower temperature for 

these composites. Closer inspection of the TGA graphs with a high resolution weight 

loss axis indicated that there was little difference between the mass loss of the 

different composites before Tj, this would have indicated the presence of moisture. 
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There are therefore two possible explanations for the lower T j for the bioactive 

glasses. The first is that the bioactive glasses did have a greater moisture content even 

after drying than the other composites, and this was lost simultaneously as the 

polymer degraded so the mass loss due to moisture was masked by the polymer 

weight loss. Excess water would serve to increase the rate of hydrolytic degradation 

of the polymer, for one hydrolysis per chain one water molecule of mass 18 Da was 

reacting with a chain of 310,000 Da. Thus 5.8 xlO^ mass % of water in a PLG sample 

was capable of halving the molecular weight. A reduction in molecular weight would 

increase the free volume of the polymer and therefore the degree of gas permeability 

would be higher and thus oxygen could penetrate the material more easily leading to 

oxidisation and thermal degradation. ICIE4 BG has a higher SiOz and a lower Na 

content than 45S5 BG, which make it less soluble [99] this may explain why Ta was 

not as affected for PLGIB in comparison with PLG4B. However, CaCOs is very 

hygroscopic but this phenomenon was not observed for this filler, therefore the second 

explanation - that the shape of the particles, shown in Figure 5.10, had an effect on 

molecular weight degradation during the extrusion process - may be more credible. 

45S5 BG is slightly more angular than the other materials, this may have caused 

excess shear during extrusion which would have affected the subsequent moulded 

materials. 

DSC analysis of the materials suggested that after processing, PCL samples all 

had similar thermal characteristics. PLG samples were similar following extrusion, 

and TM and CM had a similar effect on the materials. PLG4B had a lower double Tg 

following both TM and CM which suggested it was more degraded than the other 

PLG composites. The second heating run was carried out because the processing 

parameters had been modified for PLG4B and PLGIB and a second heating would 

illustrate the effects of an identical heating regime on the composites, whereas the 

first heating run would show the effects of the different processing settings. PCL and 

composites had similar properties for both the first and second heating run, this is 

expected because the processing parameters were the same for all the PCL composites 

and PCL is less easily thermally degraded than PLG [71]. The second heating run for 

PLG and composites caused effects in Tc and a double melting peak was formed, this 

was possibly due to incomplete melting in the first run and to the rate of cooling in the 

DSC cycle. Samples seemed to have the same relationship to one another in the 

second heating run, except PLG4B which appeared to be considerably more degraded 
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that the other materials when heated under the same conditions. This outcome 

supports the results seen following extrusion and TGA which suggest that PLG4B is 

much more degraded than the other PLG composites under the same thermal 

conditions. 

Molecular weight analysis of PLG and composites showed that milling and 

drying had little effect. Extrusion had the greatest effect on molecular weight, 

possibly due to the combined effects of heat and shear involved with this process. 

PLGC and PLGH experienced a similar degree of degradation with 43-58 % of the 

original Mw remaining after processing. PLG4B and PLGIB had a comparable 

molecular weight loss following extrusion (40-46 % original Mw remaining), but 

PLG4B underwent greater degradation following CM and TM probably because the 

material was heated for longer in these processes in comparison to extrusion (8-18 % 

original Mw remaining compared to 33 % for PLGEB). 

Surface analysis found that PLG4B was significantly more hydrophilic than 

PLG, and that PLGC and PLGH were more hydrophobic. Hydrophilicity is likely 

related to the presence polar groups on the material surface such as OH and ester 

groups [176]. Si-OH present at the surface of 45S5 BG would increase the 

hydrophilicity. The 45S5 BG may have interacted with the water droplet and thus 

appeared to be more hydrophilic, this may not have been the case if other solvents had 

been used as the droplet. The inclusion of fillers in PLG would dilute the quantity of 

ester groups, thus increasing hydrophobicity. These differences in hydrophilicity will 

have implications for processing and immersion studies as the presence of water will 

accelerate hydrolytic degradation. 

7.10 Summary 

The results have shown that PCL and PLG composites can be satisfactorily 

processed with this manufacturing route. PLG composites with ICIE4 BG and 

especially with 45S5 BG were shown - by visual analysis of extrudate, TGA, DSC 

and GPC - to suffer a greater degree of degradation when processed with a PLG 

matrix. These findings have been supported by the work of Blaker et al. [177] who 

found that processing 45S5 BG in a PDLLA matrix caused thermal degradation of the 

polymer in TGA, especially at higher percentages of filler. 
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8. MECHANICAL TESTS 

In this chapter the mechanical properties of PCL, PLG and their composites 

will be compared through compressive and tensile tests and dynamic mechanical 

analysis. The fracture surfaces of failed specimens will be analysed to examine the 

degree of inter facial bonding between the filler and matrix. The density of PLG and 

composite specimens will be compared with theoretical values as this will affect the 

mechanical properties. Tabulated data containing details of the results of mechanical 

tests can be found in Appendix 3. 

8.1 PCL and composites 

8.1.1 Compression tests 

Compression test specimens were manufactured as described in Section 4.1.2. 

Typical samples are shown in Figure 8.1. 

Figure 8.1: PCL compression specimens. Left to right; PCL, PCLC, PCLH, PCL4B, 
PCLIB. 

Compression tests were carried out as detailed in Section 4.2.6. The results 

are shown in Figures 8.2 to 8.5. 

The typical stress-strain plots in Figure 8.2 show a similar response for each of 

the composite materials, with PCL being less stiff. This enhancement of Young's 

modulus in compression with the addition of the fillers was expected. 
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ra 15 

Strain [%] 

Figure 8.2: Typical compressive stress-strain graph for PCL and composites. Black 
PCL, pink = PCLC, blue = PCLH, green = PCL4B, orange = PCLIB. 
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Figure 8.3: Compressive Young's modulus of PCL and composites. Mean ± s.d. n = 
10. 

12 
(0 Q. 

" 10 4 
% 

f 8 
_c 
'c5 

I « 

1 
2 
<s> 

4 -• 

2 -

0 V 

- i -

* 

- f -

w 
3 (2 

£ 

2 i 
5 

--1 

PCL PCLC PCLH PCL4B PCLIB 

Figure 8.4: Compressive yield stress of PCL and composites (0.1 % strain offset) 
(light grey) and strain at this stress (dark grey). Mean + s.d. n = 10. 
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Figure 8.5: Compressive yield stress of PCL and composites (1 % strain offset) (light 
grey) and strain at this stress (dark grey). Mean + s.d. n = 10. 

Comparison: PCL-
PCLC 

PCL-
PCLH 

POU 
PCL4B 

PCL-
PCLIB 

PCLC-
PCLH 

PCLC-
PCL4B 

PCLC-
PCLIB 

PCLH-
PCL4B 

PCLH-
PCLIB 

PCL4B-
PCLIB 

E [GPa] . * : * • * : * ' * 

Yield stress 
(1 % strain 
offset) [MPa] 

* - * * * * * * 

Strain at 
yield stress (1 
% strain 
offset) [%] 

* * * * 

Yield stress 
(0.1 % strain 
offset) [MPa] 

* * 

Strain at 
yield stress 
(0.1 % strain 
offset) 1%] 

* * 

Table 8.1: Comparison of PCL and composite compressive properties. * = 
significantly different using One-way Analysis of Variance test with a = 0.05, 
followed by the Bonferroni method. 

Figure 8.3 and Table 8.1 show that the addition of all fillers served to 

significantly increase the stiffness of PCL, and that PCL4B was significantly stiffer 

than PCLC. Figure 8.4 and Table 8.1 show that, with 0.1 % strain offset, the yield 

stress of PCLH was significantly greater than PCL4B and PCLIB. Yield strain was 

significantly reduced for all composites in comparison to PCL. Figure 8.5 and Table 

8.1 show that PCLH had a significantly higher yield stress (1 % strain offset) than all 

other materials; PCLH, PCLC and PCLIB were higher than PCL and PCLC was 

greater than PCL4B. The yield strain was significantly reduced for all composites in 

comparison to PCL, and PCLH was greater than PCL4B. 
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8.1.2 Tensile tests 

Tensile specimens were manufactured as described in Section 4.1.2. Typical 

specimens are shown in Figure 8.6. 

M I 

Figure 8.6: PCL tensile specimens. Left to right: PCL, PCLC, PCLH, PCL4B, 
PCLIB. 

The tensile specimens were tested as detailed in Section 4.2.7. Wedge grips 

were used (Figure 4.11a) and extension was measured using the test machine 

extensometer because the video extensometer had insufficient range, therefore only 

qualitative results involving strain are presented because the recorded extension 

included both machine compliance and specimen slippage. Typical stress-strain plots 

are shown in Figure 8.7. PCL appeared to be more compliant than the composites, 

and regarding strain at failure PCL»PCLC»PCLIB>PCLH>PCL4B. The kinks in 

the graphs at higher strains may be attributed to specimen slippage. 
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Figure 8.7: Typical tensile stress-strain curves for PCL and composites, (a) 
highlights events at low strain, (b) shows failure at higher strains. Black = PCL, 
pink = PCLC, blue = PCLH, green = PCL4B, orange = PCLIB. 
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Figure 8.8: Maximum tensile stress at yield (dark grey) and tensile stress at break 
(light grey) for PCL and composites. Mean + s.d. n > 13. 
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stress [MPa] 

* * 

Break stress 
[MPa] 

* 
* 

. 
Table 8.2: Comparison of PCL and composite tensile properties. * = significantly 
different using One-way Analysis of Variance test with a = 0.05, followed by the 
Bonferroni method. 

Figure 8.8 and Table 8.2 show that the maximum tensile strength of PCL was 

significantly higher than all the composites and that PCLC had a significantly higher 

tensile yield strength than PCLH, PCL4B and PCLIB. The break stress for PCL was 

again significantly higher than the composites, and PCLC, PCLH and PCLIB were 

significantly greater than PCL4B. 

The failure surfaces of the fractured tensile specimens were assessed using a 

JEOL JSM-5300 SEM with Spirit version 1.06.02 software (Princeton Gamma-Tech, 

Inc., NJ, USA) to visualise the fracture surface and assess the interface between the 

matrix and filler, the images are shown in Figure 8.9. 
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(m) (n) 
Figure 8.9: SEM micrographs of the failure surfaces of tensile PCL and composite 
specimens, tested at ambient temperature, (a, b) PCL, (c-e) PCLC, (f-h) PCLH, (i-k) 
PCL4B, (1-n) PCLIB. Scale bar: left images 900 |im, centre images 300 |j.m, right 
images 25 ^m. 
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The images in Figure 8.9 show that PCL had a very small cross-sectional area 

at break, due to its extensive elongation and PCLC also exhibited ductile failure. 

PCLH, PCL4B and PCLIB all had a larger cross-sectional area as they failed in a 

more brittle manner than PCL and PCLC; however, they exhibited some ductile 

characteristics in the polymer which had a tendril appearance. All the composites 

showed debonding of and cavitation around the filler particles which indicated a poor 

interfacial bond. 

8.L3 DMA 

Three-point bend test specimens were manufactured for DMA as described in 

Section 4.1.3. An overview of the DMA process is described in Section 4.2.8. 

Samples were placed in the furnace of the instrument; it was brought to 25 °C with 50 

mN static force and 40 mN dynamic force at a frequency of 1 Hz. 20 ml/min of 

nitrogen was used to purge the chamber. Once 25 °C had been achieved, the sample 

height was read into the software from the probe position. 120 % tension control and 

1 % strain control were then applied. Once the dynamic strain had equilibrated at 1 

%, the test was started. The sample temperature was held at 25 °C for 1 min to enable 

the system to stabilise and the temperature was then increased at 4 °C/min until 55 °C. 

The test stopped at this point and the water-cooled chamber was allowed to reach 40 

°C before the sample was removed. 
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Figure 8.10: Storage modulus and tan delta for PCL and composites. Mean (for each 
temperature recorded) + 1 s.d. (calculated for 25, 35, 45 and 37 °C). n = 3. Storage 
modulus = thick line, tan delta = thin line. Black = PCL, pink = PCLC, blue = PCLH, 
green = PCL4B, orange = PCLIB. 
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Figure 8.10 shows that the fillers (except 45S5 BG) had a reinforcing effect on 

the PCL, as shown by an increased storage modulus. Tan delta was increased for all 

fillers in comparison to PCL alone, indicating that the loss modulus was 

comparatively greater than the storage modulus for these materials. PLG4B appeared 

to exhibit this effect to the greatest degree. 

8.2 PLG and composites 

8.2.1 Compression tests 

Compression test specimens were manufactured as described in Section 4.1.2. 

Typical specimens are shown in Figure 8.11. 

Figure 8.11: PLG compression specimens. Left to right; PLG, PLGC, PLGH, 
PLG4B, PLGIB. 

Compression test specimen density was measured using data for sample 

volume and weight. Although the normal method is to use the Archimede's principle 

to assess density, the selected method was considered more suitable to assess the error 

in density because it accounted for any sink marks in the surface of the material, 

which would not be identified using the Archimede's principle method. These sink 

marks would contribute to the error in the determination of mechanical properties 

where the dimensions were measured using the callipers. Volume was calculated 

from sample dimensions which were the mean of measurements taken at three 

equidistant points on each face using vernier callipers (Mitutoyo digimatic, 

Hampshire, UK, 0.01 mm resolution). Weight was measured to 4 d.p. using 

laboratory scales (Scientec SA210 balance, Scientec Inc., Colorado, USA, 

repeatability 0.0001 g). 47 samples per material were assessed and the significance of 
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the difference between measured and theoretical results was calculated using a t-test 

via GraphPad software (GraphPad QuickCalcs, GraphPad Software Inc., CA, USA). 
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Figure 8.12: Theoretical (dark grey) and measured (pale grey) density of compression 
test specimens of PLG and composites, error bars = s.d. (** P < 0.0001, * P < 0.005). 
n = 47. 

Figure 8.12 shows that only PLGIB had a density comparable to the 

theoretical density, all other materials had a lower density in comparison to the 

specified value. 

Compression tests were carried out as detailed in Section 4.2.6. Results are 

shown in Figures 8.13 to 8.16. 
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Figure 8.13: Typical stress-strain graphs for PLG and composites. Black = PLG, 
pink = PLGC, blue = PLGH, green = PLG4B, orange = PLGIB. 

Figure 8.13 shows that the typical stress-strain plots show a similar response 

for PLGC, PLGH and PLGIB; with a reinforced modulus but reduced strain at peak 

stress, but PLG4B had a similar stiffness to PLG with a reduced peak stress. 
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Figure 8.14: Compressive Young's modulus values for PLG and composites. Mean 
+ s.d. n > 10. 
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Figure 8.15: Compressive yield stress (0.1 % strain offset) (pale grey) and strain at 
this stress (dark grey) for PLG and composites. Mean + s.d. n > 10. 
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Figure 8.16: Maximum compressive stress (pale grey) and strain at this stress (dark 
grey) for PLG and composites. Mean + s.d. n > 10. 
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PLG PLG PLG PLG PLGC PLGC PLGC PLGH PLGH PLG4B 

PLGC PLGH PLG4B PLGIB PLGH PLG4B PLGIB PLG4B PLGIB PLGIB 

E IGPal 
* * * * * * 

Yield stress 
(0.1 % strain 
offset) jMPal 

* * * * 

strain at yield 
stress (0.1 % 
strain offset) 
l%l 

* * * * * * * 

Max. stress 
|MPa| * * * * 

strain at max. 
stress |%| 

* * * * * * 

Table 8.3: Comparison of PLG and composite compressive properties. * = 
significantly different using One-way Analysis of Variance test with a = 0.05, 
followed by the Bonferroni method. 

Figure 8.14 and Table 8.3 show that Young's modulus was significantly 

greater for PLGC, PLGH and PLGIB than for PLG and PLG4B. Figure 8.15 and 

Table 8.3 indicate that the yield stress (0.1 % strain offset) was significantly less for 

PLG4B in comparison to all other materials and the yield strain was significantly 

greater for PLG than all the composites, with PLG4B yield strain being larger than the 

other composites. Figure 8.16 and Table 8.3 show that PLG4B had a significantly 

lower maximum stress than all other materials and the strain at this stress was greater 

for PLG and PLG4B in comparison to the other composites. 

8.2.2 Tensile tests 

Tensile test specimens were manufactured as described in Section 4.1.2. 

Typical samples are shown in Figure 8.17. 

"""'mm 

Figure 8.17: PLG tensile specimens. Left to right: PLG, PLGC, PLGH, PLG4B, 
PLGIB. 
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Tensile tests were carried out as described in Section 4.2.7. Horizontal grips 

(Figure 4.11b) were used to clamp the specimens and the displacement was recorded 

using a video extensometer. Results are shown in Figures 8.18 to 8.21. PLG4B could 

not be tested in tension, it shattered in the grips as they were tightened. 
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Figure 8.18: Typical tensile stress-strain graph for PLG and composites. Black = 
PLG, pink = PLGC, blue = PLGH, orange = PLGIB. 

Figure 8.18 shows that the presence of the fillers increased the Young's 

modulus in the typical stress-strain plots. Addition of the fillers to the polymer 

appeared to reduce the strength and failure strain, giving a more brittle material. 
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Figure 8.19: Tensile Young's modulus for PLG and composites. Mean + s.d. n > 12. 
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Figure 8.20: Maximum tensile stress (dark grey) and strain at that stress (light grey) 
for PLG and composites. Mean + s.d. n > 12. 
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Figure 8.21: Tensile stress at break (dark grey) and strain at that stress (light grey) for 
PLG and composites. Mean + s.d. n > 12. 
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E [GPa] • . * * 
* * 

Max. stress [MPa] 
* * 

* 

Strain at max. stress |%| 
* * * 

Break stress [MPa] 
* * 
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* 

Table 8.4: Comparison of PLG and composite tensile properties. * = significantly 
different using One-way Analysis of Variance test with a = 0.05, followed by the 
Bonferroni method. 
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Figure 8.19 and Table 8.4 show that the Young's modulus was significantly 

higher for the composites in comparison with PLG alone. PLGH was significantly 

stiffer than PLGC and PLGIB. Figure 8.20 and Table 8.4 show that PLG had a 

significantly higher maximum stress when compared with the composites, and PLGC 

and PLGH were higher than PLGIB. The strain at maximum stress was greater for 

PLG than for the composites, and PLGH was greater than PLGIB. Figure 8.21 and 

Table 8.4 show that the break stress had the same pattern of results as the maximum 

stress. The strain at the break stress was greater for PLG than for all the composites 

tested. 

Compressive and tensile properties of PLG and composites are compared in 

Figures 8.22 and 8.23. Figure 8.22 shows that the tensile stiffiiess was greater than 

the compressive stiffness, but the trends between materials for the two tests were 

similar. Figure 8.23 shows that tensile samples had a lower maximum stress than 

compressive samples. Maximum stress was not affected by the presence of fillers in 

compression, whereas it was reduced in tension. Strain at maximum stress was lower 

in tension, the presence of filler material reduced it in all cases, but the reduction in 

tension appeared to be greater. 

PLG PLGC PLGH PLG4B PLGIB 

Figure 8.22: Comparison of compressive (dark grey) and tensile (light grey) Young's 
modulus for PLG and composites. Mean + s.d. n > 10. 
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PLGIB PLGC PLGH PLG4B 

Figure 8.23: Comparison of compressive (solid) and tensile (dots) maximum stress 
(pale grey) and strain at that stress (dark grey) for PLG and composites. Mean + s.d. 
n > 10. 

SEM micrographs were taken of the tensile fracture surfaces of PLG and 

composites using a JEOL JSM-5300 SEM with Spirit version 1.06.02 software 

(Princeton Gamma-Tech, Inc., NJ, USA), images are shown in Figure 8.24. 

All samples exhibited brittle fracture; PLG had a smoother surface than the 

composite materials. PLGC, PLGH and PLGIB had a mottled surface, due to the 

presence of filler particles which may have fallen from the surface on fracture due to 

poor interfacial bonding. PLG4B had a cross-section which was not entirely square. 

This was thought to be due to the samples needing re-heating to remove them from 

the moulds; possibly moisture in the samples which was attracted to the material by 

the presence of 45S5 BG from the uncontrolled atmosphere during moulding caused 

the bubbles apparent in the image and the change in sample shape. Some voids could 

be seen around the 45S5 BG particles, again suggesting poor interfacial bonding 

between filler and matrix. 
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0) (mO 
Figure 8.24: SEM micrographs of the failure surfaces of tensile PLG and composite 
specimens, tested at ambient temperature, (a, b) PLG, (c-e) PLGC, (f-h) PLGH, (i-k) 
PLG4B, (1-n) PLGIB. Scale bar: left images 900 ^m, centre images 150 |im, right 
images 30 |im. 
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8.2.3 DMA 

Three-point bend DMA specimens were manufactured as described in Section 

4.1.3. The specimens are shown in Figure 8.25. 

Figure 8.25: DMA samples. Left to right; PLG, PLGC, PLGH, PLG4B, PLGIB, 
PLG (thin). 

The effect of temperature on PLG and composite dynamic properties was 

assessed; an overview of DMA is presented in Section 4.2.8. Samples were placed in 

the furnace of the instrument; it was brought to 25 °C with 50 mN static force and 40 

mN dynamic force at a frequency of 1 Hz. 20 ml/min of nitrogen was used to purge 

the chamber. Once 25 °C had been achieved, the sample height was read into the 

software from the probe position. DMA parameters were set to 0.15 % dynamic 

strain, 120 % static tension, 1 Hz frequency. The sample temperature was held at 25 

°C for 1 min to enable the system to stabilise and the temperature was then increased 

at 4 °C/min until 65 °C. PLG4B was assessed at 0.02 % dynamic strain rather than 

0.15 % as described in Section 4.2.8. Data was collected every 0.1 °C. Results are 

shown in Figures 8.26 and 8.27. 
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Figure 8.26: Storage modulus (thick lines) and tan delta (thin lines) for PLG and 
composites. Mean (for each temperature recorded) + 1 s.d. (calculated for 25, 35, 45, 
55 and 37 °C). n = 3. PLG = black, PLGC = pink, PLGH - blue, PLG4B = green, 
PLGIB = orange. 
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(a) (b) 
Figure 8.27: (a) Relative* storage modulus and (b) relative* tan delta for PLG 
composites. * relative to PLG. Mean + 1 s.d. n = 3. Pink • = PLGC, blue A = 
PLGH, green x = PLG4B, orange o = PLGIB. 

Storage modulus data in Figure 8.26 indicates that all fillers had a reinforcing 

effect on PLG. This effect was much more pronounced for PLGC, PLGH and 

PLGIB. Although PLG4B did have a slight reinforcing effect, it reduced much more 

rapidly than the other composites and was comparable to PLG alone at 37 "C. Tan 

delta was very similar for all materials except PLG4B, which had a larger tan delta 

initially than the other materials. PLG4B tan delta began increasing sooner than the 

other materials, indicating an earlier onset of glass transition. It also increased at a 

slower rate than the other materials initially. 

Figure 8.27 shows the effect of the temperature on composite storage modulus 

and tan delta relative to PLG. The storage modulus of PLGC, PLGH and PLGIB was 
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increased, as would be expected with the inclusion of a stiffer filler. Storage modulus 

of PLG4B was comparable to and then less than PLG as temperature increased. Tan 

delta for PLGC, PLGH and PLGIB were comparable with PLG at a relative value of 1 

until approximately 45 °C, after which PLGC reduced to 0.75, PLGH increased to 1.4 

and PLGEB increased to 2.25. PLG4B had a ratio of 3 initially which increased to 

11.75 as the temperature rose. 

Isothermal DMA tests were carried out on PLG and composites in order to 

ascertain their properties for comparison with future immersion studies, five samples 

were tested per material. DMA parameters were the same as for the temperature scan 

tests with 0.15 % strain control for all but PLG4B samples which were solely tested at 

0.02 % strain control, except that the sample temperature was not increased but held 

at 25 °C for 3 minutes to enable the system to stabilise and sufficient data to be 

collected. A test temperature of 25 °C was chosen as 37 °C would result in an 

unacceptably long testing period, considering the number of specimens to be tested in 

one day, to allow the machine temperature to equilibrate (moisture evaporation from 

the specimen during fiiture tests for immersion studies may also have been a problem 

at an elevated temperature). Data was collected every 1.2 s. Once this test was 

complete, the sample was returned to 25 °C as before, a dynamic force control of 0.02 

% strain control was applied and the test was re-run to ascertain whether there was 

any significant difference between results obtained from the two dynamic strains, as 

there was still concern about comparing results at different dynamic strain rates 

following the findings in Section 4.2.8. 

Storage modulus 
[GPa], 

0.15 % dynamic 
strain (s.d.) 

Storage modulus 
[GPa], 

0.02 % dynamic 
strain (s.d.) 

Tan delta, 
0.15 % dynamic 

strain (s.d.) 

Tan delta, 
0.02 % dynamic strain 

(s.d.) 

PLG 3.47 (0.06) 3.28 (0.06)** 3.15E-2 (2.12E-3) 4.30E-2(1.59E-3)** 
PLGC 6.54 (0.24) 6.21 (0.27)* 3.68E-2 (4.24E-3) 3.46E-2 (4.67E-3) 
PLGH &54(aiO) 6.08 (0.16)* 3.19E-2(1.87E-3) 3.44E-2(1.80E-3) 
PLG4B - 3.05 (0.22) - 1.14E-1 (9.51E-3) 
PLGIB 6.37 (0.06) 5.92 (0.06)** 2.95E-2 (2.59E-3) 2.95E-2 (5.53E-3) 

Table 8.5: Storage modulus and tan delta for isothermal tests of PLG and composites. 
Each data point is an average of 5 specimens tested (each specimen was tested for 3 
minutes. For each specimen, an average of the last 50 readings (approximately 1 
minute) was recorded as the value for that specimen). Dynamic strain compared 
using a paired two-tailed t-test, * = P<0.05, ** = P<0.001. 
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Table 8.5 shows that the slight decrease in storage modulus at lower dynamic 

strain rate observed for PLG in Figure 4.16 also occurred for all the composite 

materials. No clear difference was seen in tan delta for the two different strain rates, 

except for PLG where a slight increase with reduction in dynamic strain rate was 

observed. These results suggest that care should be taken when comparing values 

over different dynamic strain rates, because although the differences in results are 

small, they are significant in many cases. It can be seen from Table 8.5 that the 

fillers, except 45S5 BG, had a reinforcing effect on PLG. Tan delta for PLG4B was 

higher than the other materials. 

8.3 Discussion 

This chapter investigated the mechanical properties of PCL, PLG and their 

composites via compression and tensile tests, dynamic mechanical analysis, and with 

SEM images of the tensile fracture surfaces and density measurements to aid 

explanation of the results obtained. 

The density of compressive test specimens of PLG and composites was shown 

in Section 8.2.1, where it was found that all but PLGIB had a lower measured density 

than the theoretical value, especially PLG4B. This difference can be attributed in part 

to experimental error in dimensional measurements and weighing and also in slight 

deviations in the density of the materials from their specified densities, but was also 

due to imperfections in the samples themselves such as minor sink marks following 

moulding and voids within the samples which were likely caused by moisture trapped 

during moulding in a non-inert environment or air-entrapment in the samples during 

moulding. The lower comparative density of PLG4B was thought to be due to the 

presence of these voids (Figure 8.24i-j) which might result from moisture ingress due 

to the sodium content of 45S5 BG attracting water from the atmosphere via osmosis. 

These imperfections in the samples and the fact that there is less material present than 

assumed need to be taken into account when analysing mechanical test data as they 

will reduce the measured properties. It was considered that the tensile and DMA 

samples for PLG and composites and also PCL and composite specimens would have 

a similar pattern of densities, therefore no further density measurements were made. 
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For both PCL and PLG in compression and PLG in tension, the presence of 

filler particles significantly increased the Young's modulus, except PLG4B in 

compression. The tensile Young's moduli for PLG and composites were greater than 

in compression; however the trends seen between the materials were similar for both 

types of test. The difference in tensile and compressive modulus may be due to the 

different test specimen geometries and test machines used. The poor stiffness of 

PLG4B may be due in part to the excessive degradation of the polymer following 

processing (see Table 7.2). Although modulus is not greatly affected by molecular 

weight, an excessively low value would result in some reduction due to the very small 

number of polymer chain entanglements. Also, the lower density of the specimens 

would serve to reduce the effective modulus. 

In both PCL and PLG, composites with 45S5 BG had low yield strength (0.1 

% strain offset) in compression, PCLIB was also low. PCLH had a higher yield 

strength than the other materials. Results for compressive yield strength (1 % strain 

offset) for PCL and composites and maximum compressive strength for PLG and 

composites was similar to yield strength (0.1 % strain offset). In tension, the presence 

of filler particles served to reduce both the maximum tensile strength and the strength 

at break for both PCL and PLG. PCLC, PLGC and PLGH had a higher maximum 

tensile strength than the other composites. PLGC and PLGH had a higher break 

strength than the remaining composites, whereas PCL4B had a lower break strength 

than the other materials. For PLG, the maximum stress in compression was higher 

than that in tension, in compression it was not affected by the presence of the fillers, 

in tension it was reduced when fillers were added to PLG. Material strength is 

affected by the polymer molecular weight, filler particle size, filler shape and 

filler/matrix interactions such as the degree of bonding and presence of voids. As 

discussed in Section 2.3.2, a reduction in molecular weight results in a reduction of 

strength, this may explain the reduced strength of PCL4B and PLG4B. The reduction 

in tensile strength with the addition of fillers is likely due to the poor interfacial bond 

which was visualised in SEM as voids around the filler particles. In this case, the 

filler particles would act as flaws in the material, larger defects would reduce the 

firacture stress as described in Equation 3.1. Table 5.8 shows that PLG4B and PLGIB 

had a slightly larger particle size in comparison to the other fillers, this may have 

contributed to the reduction in strength of these composites. Figure 5.10 shows that 

168 



Chapter 8. Mechanical Tests 

the particle shape was angular for the fillers except ICIE4 BG, this may have affected 

the strength of the composites. 

For PCL and PLG in compression, the addition of fillers reduced the yield 

strain (0.1 % strain offset), PLG4B had a larger yield strain than the rest of the PLG 

composites. The compressive yield strain (1 % strain offset) for PCL and strain at 

maximum compressive stress for PLG were also reduced with the presence of fillers. 

Again, in tension the strain at maximum tensile stress and break stress for PLG was 

greater than for PLG composites. Qualitative analysis of PCL data in Figure 8.7 

supported this trend. The strain at maximum stress in tension for PLG and composites 

was less than that in compression, as noted previously it was reduced by the presence 

of the fillers, but tensile strain appeared to be more affected than compressive strain 

by the addition of fillers. These results show that the addition of the fillers made the 

composites more brittle. 

SEM analysis showed the more brittle nature of PLG compared to PCL. It 

also supported the data that addition of fillers made the composites more brittle. 

Debonding of the matrix around the filler particles suggested that there was a poor 

interfacial bond between the fillers and the matrix. 

The storage modulus of both PCL (which was tested above Tg) and PLG 

(tested below Tg) appeared to be enhanced with the addition of fillers (except for 

PCL4B where no increase in modulus was observed and PLG4B where a minimal 

increase was seen which reduced quickly as temperature was increased), this supports 

the results of the tensile and compression tests. Isothermal studies showed that a 

reduction in dynamic strain significantly reduced the storage modulus; this was 

supported by the data in Figure 4.16 which showed that the effect of dynamic strain 

on storage modulus was relatively constant as temperature was increased. Although 

the effect on storage modulus was significant, the reduction was quite small and it was 

therefore considered that the large reduction in storage modulus observed for PLG4B 

was a real phenomenon and not an experimental artefact. The lower storage modulus 

for PCL4B and PLG4B composites may be due to poor bonding between the larger 

particle size filler and matrix (Nazhat et al. [175] found that a lower particle size 

increased storage modulus around this wt% filler), a lower density due to voids in the 

material, or partly because the polymer was degraded to a greater extent for this 

material. 
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For PLG (tested above Tg), tan delta was similar for the composites and the 

polymer alone, except PLG4B which was greater and began to increase at a lower 

temperature. Tan delta was lower for PCL (tested above Tg) than for the composites, 

especially PCL4B which showed a similar trend to PLG4B. This is a strange result 

because the inclusion of filler particles should increase storage modulus, which it does 

in most cases, and reduce loss modulus (because the addition of ceramic/glass filler 

should effectively reduce the viscous component of the system) thus resulting in a 

decreased tan delta according to Equation 4.19. This is not the case; in fact the loss 

modulus for the composites is greater than that for the polymer alone, especially 

PLG4B. Thus a higher storage and loss modulus for the composites resulted in a tan 

delta comparable to the polymer alone, for PCL4B a storage modulus similar to PCL 

and a loss modulus higher than PCL but analogous to the other composites resulted in 

a higher tan delta, and for PLG4B a similar storage modulus to PLG with a loss 

modulus higher than PLG and the other composites again resulted in a high tan delta. 

It is postulated that the poor interfacial bond and any voids in the composite material 

might have increased the damping of the system. PLG4B seemed to have more voids 

(determined by density results and SEM analysis) and so would have more damping if 

this hypothesis were true. A very low molecular weight may contribute to increased 

damping as there would be more free volume and possibly less crystallinity within the 

polymer. 

The results obtained within this chapter for polymer and composites seem to 

follow a similar trend for both PCL and PLG, thus the data has been validated using 

two different polymer systems. The results are also similar to information published 

in the literature; with allowances for different test regimes, polymer molecular 

weights, and differences in filler content, size and shape. For example, Engelberg and 

Kohn [34] found a tensile modulus of 3 GPa, tensile strength of 48 MP a, and break 

strain of 2 % for PLLA (which will be slightly different to PLG). This compares 

favourably with the values of 3.7 GPa, 65 MPa and 3.7 % found for PLG in this 

chapter. Verheyen et al. [114] tested a composite of PLLA with 30 wt% HA and 

found a tensile strength of 31 MPa, compressive modulus of 6.8 GPa and compressive 

strength of 137 MPa. Shikinami and Okuno [13] assessed forged PLLA with 50 wt% 

uncalcined and unsintered HA and obtained a tensile strength of 103 MPa, 

compressive modulus of 6.5 GPa and compressive strength of 115 MPa. In this 

chapter, PLG with approximately 46 wt% HA gave tensile strength 51 MPa, 
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compressive modulus 5.9 GPa, and compressive strength 93 MPa. These results are 

again comparable, and actually superior in tension to those of Verheyen et al. In 

DMA, Nazhat et al. [178] tested 70/30 PLDLA alone and with 40 wt% HA in three 

point bending and found the storage modulus at 37 °C to be 3.2 and 6.2 GPa, 

respectively and tan delta 0.060 and 0.035, respectively. Storage modulus for PLG 

and PLGH at 37 °C for this chapter was found to be 3.4 and 6.1 GPa, respectively and 

tan delta 0.033 and 0.033, respectively. The increase in storage modulus is 

comparable with the literature values; however tan delta remained unchanged in this 

investigation but was reduced in the published data with the inclusion of HA. This 

may be due to poor bonding between the matrix and filler in this study leading to 

increased damping, and also possibly because the PLG was semi-crystalline with a 

higher degree of crystallinity than the PLDLA which would reducing damping and 

also reduce the effect of the fillers on damping to an extent. 

It was noted in Chapter 2 that ideally the mechanical properties of the material 

developed should match those of the bone which is being replaced, in a load bearing 

situation. The results obtained in this chapter suggest that the PLG polymer and 

composites had superior mechanical properties to PCL, as predicted. The stiffness of 

PLG was increased by the presence of the fillers (except 45S5 BG) which is desirable, 

and the strength was not affected in compression but reduced in tension by the 

presence of the fillers which made the polymer more brittle. The fillers were 

incorporated into the polymer to improve the mechanical properties and also to 

increase its bioactivity; therefore even though the strength was reduced in tension, 

addition of the fillers may prove to be beneficial overall when all factors affecting the 

success of the material as a bone substitute have been considered. Mechanical tests 

carried out in this chapter suggest that there was minimal difference between the 

properties ofPLGC, PLGH and PLGIB - PLGH was stiffer in tension than PLGC and 

PLGIB, and PLGIB had a lower tensile strength than PLGC and PLGH. The values 

for compressive modulus, strength and elongation found for these composites - 5.5-

5.9 GPa, 91-93 MPa, and 2.2-2.3 %, respectively - compared to approximately 10 

GPa, 131 MPa and 1.8 % for cortical bone as detailed in Table 1.1, and were higher 

than the values for trabecuar bone (except elongation). The tensile properties for the 

composites were found to be 7.2-8.8 GPa, 36-51 MPa, and 0.5-0.9 % for modulus, 

strength and elongation, respectively - these compared to approximately 14 GPa, 79 
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MPa and 1.6 % for cortical bone and were greater than trabecular bone as described in 

Table 1.1. 

8.4 Summary 

The results of this chapter suggest that PLGH, PLGC and PLGIB have 

superior mechanical properties to PLG4B, possibly due to the degradation of the 

PLG4B composite material during processing. These composites have the potential 

for use as bone substitute materials with regard to their mechanical properties. 
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9. AGEING AND DEGRADATION STUDIES 

In this chapter the change in the properties of the different materials after 

immersion in simulated body fluid will be investigated. Short term trials will assess 

the change in the weight, dimensions and mechanical properties of dynamic 

mechanical analysis specimens. Long term trials will examine the change in weight, 

dimensions, compressive mechanical properties, and molecular weight of compressive 

test specimens; and the pH of the simulated body fluid. Tabulated data regarding the 

results of the short and long term trials can be found in Appendix 4. 

9.1 Simulated body fluid 

Simulated body fluid (SBF) was manufactured based on Kokubo solution 

SBF(K-9) as detailed below. The chemicals shown in Table 9.1 were added to a 

container with a magnetic stirrer. Once mixed, they were heated to 37 °C and IN-HCl 

aqueous solution was added drop-wise until the pH of the solution reached pH 7.4. 

pH and temperature were assessed using an Oakton pH5 Acorn Series pH/°C meter 

(resolution 0.01 pH / 0.1 °C, accuracy + 0.01 pH / + 0.5 °C, Oakton Instruments, IL, 

USA). The pH meter was calibrated with pH 4 and pH 7 buffers before each set of 

measurements. Distilled water was added to make the solution 1 litre in volume, the 

solution was then reheated to 37 °C and the pH was reassessed. The SBF was stored 

at 4 °C until use. On being used, the SBF was heated to 37 °C before addition to the 

samples. 

Chemical Quantity 
Distilled water 750 ml 
NaCl 7.996g 
NaHCOs 0.350 g 
KCl 0.224 g 
KzHPO^SHzO &228g 
MgCl2-6H20 0.305 g 
IN-HCl aqueous solution 35 ml 
CaCl2 &278g 

0.071 g 
(CHzOBQsCNHz 6.057 g 

Table 9.1: Chemicals used in simulated body fluid. 

173 



Chapter 9. Ageing and Degradation Studies 

9.2 Ageing study 

9.2.1 Methodology 

DMA samples were prepared as described in Section 4.1.3. Samples were 

weighed, and the width and height of the samples was measured in triplicate at 

approximately equidistant points along the sample using digital callipers (Mitutoyo 

digimatic, Hampshire, UK, 0.01 mm resolution) and an average value was recorded. 

Samples were tested under DMA using the same equipment set-up described in 

Section 4.2.8. Each specimen was marked with permanent marker on one edge to 

ensure that testing would be carried out in the same orientation every time. Samples 

were assessed at 25 °C, 1 Hz, 0.02 % dynamic strain control, 120 % static tension 

control, 40 mN dynamic force, 50 mN static force, data collection every 1.2 s, for 3 

minutes. Data from the final minute of testing (50 data points) was used for analysis 

as it was considered that the environment had equilibrated by that time. Five samples 

per material were tested initially. 

Samples were then placed individually into glass vials and 40 ml SBF was 

added to each, giving a volume to surface area ratio of approximately 14:1. These 

were then placed into an environmental chamber (New Brunswick Scientific Classic 

Series, C24 Incubator Shaker, Edison, NJ, USA) at 37 °C, with horizontal rotational 

agitation of 175 rpm. Samples were tested using the same method as above after 1,3, 

7, 14 and 21 days immersion. On removal from the SBF, samples were blotted with 

tissue before being weighed. The sample height recorded by the DMA machine probe 

was noted as this could be compared with the measured sample height to give an 

indication of warping of the specimen in the height direction. Tests took from 7-12 

min to complete after sample removal from SBF. After testing, samples were 

returned to the same vials of SBF and replaced in the environmental chamber until the 

next testing time point. 

9.2.2 Results 

Figures 9.1a and 9.1b show the increase in weight and width of the specimens 

after immersion in SBF, respectively. This increase was attributed to swelling of the 

material as it absorbed water from the SBF. Tables 9.2 and 9.3 show an analysis of 

the significance of the results when comparing the different materials at each separate 
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time point. PLG4B underwent the most sweUing, at all time points both weight and 

width increase were significantly greater than the other materials, with an 

approximate increase in weight of 51 % after 7 days in SBF after which the weight 

and width increase seemed to plateau and reduce slightly. PLGIB also swelled 

greatly, with a weight increase of 24 % after 7 days in SBF, after which both weight 

and width increase also reached a plateau and weight appeared to reduce slightly. At 

all time points, PLGIB weight increase was significantly less than PLG4B, but higher 

than the other materials. PLGIB width increase was significantly higher than PLG 

and PLGC after 1 day immersion, after 3 days it was also greater than PLGH and 

remained this way for the remainder of the testing period. PLGH and PLGC showed 

a slight swelling which increased linearly over the 21 days after which PLGH and 

PLGC had a weight increase of approximately 7 and 3 %, respectively. There was no 

significant difference between the weight increase of PLG, PLGC and PLGH until 7 

days immersion at which point PLGH became significantly greater and remained so 

for the test duration. The width increase for PLG, PLGC and PLGH was not 

significantly different until 14 days immersion, at which time PLGH became 

significantly greater than PLG and remained so at 21 days immersion. After 21 days 

immersion, PLGC width increase was also significantly greater than PLG. There was 

no significant difference between the width increase of PLGC and PLGH at any time 

point. PLG exhibited no real swelling, with a weight increase of approximately 1 % 

after 21 days immersion, part of which may be due to experimental error. 
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Figure 9.1: (a) Pelrcent weight increase over time in SBF. n = 5, except PLG4B (n = 
4 at 3 and 7 days, and 2 thereafter) and PLGIB (n = 3 at 14 and 21 days), (b) Percent 
increase in specimen width over time in SBF. n = 5 (an average of three 
measurements along the width per specimen), except PLG4B (n = 4 at 1 day, 3 at 3 
days and 2 thereafter) and PLGIB (n = 3 at 14 and 21 days). Mean + 1 s.d. Black 0 = 
PLG, pink • = PLGC, blue A = PLGH, green x = PLG4B, orange o = PLGIB. 
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PLG PLG PLG PLG PLGC PLGC PLGC PLGH PLGH PLG4B 

Weight PLGC PLGH PLG4B PLGIB PLGH PLG4B PLGIB PLG4B PLGIB PLGIB 

1 day * * * * 

3 days 
* 

* * * 

7 days * * 

14 days * . * * 
* 

21 days * * , * * 

Table 9.2: Comparison of PLG and composite weight increase after immersion in 
SBF. * = significantly different using One-way Analysis of Variance test with a = 
0.05, followed by the Bonferroni method. 

PLG PLG PLG PLG PLGC PLGC PLGC PLGH PLGH PLG4B 

Width PLGC PLGH PLG4B PLGIB PLGH PLG4B PLGIB PLG4B PLGIB PLGIB 

1 day * * 
* 

* * 

3 days 
* 

* * * 

7 days * * * 
* 

* 

14 days * 
* 

* 

21 days * * * * * 

Table 9.3: Comparison of PLG and composite width increase after immersion in SBF. 
* = significantly different using One-way Analysis of Variance test with a = 0.05, 
followed by the Bonferroni method. 

The degree of warping of the specimens is shown in Figure 9.2. Warping 

occurred because the sample swelled and touched the sides of the container during 

immersion in SBF and thus with swelling restricted in one axis, some samples warped 

as they expanded. It can be seen that the difference in height is approximately 0.5 

mm maximum for all specimens except PLG4B and PLGIB, which deformed greatly 

over the 21 days in SBF. 
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Figure 9.2: The difference between measured thickness and DMA machine probe 
height, indicating the degree of specimen warping. Individual specimens, measured 
height is an average of three measurements along the specimen. Black 0 = PLG, pink 
• = PLGC, blue A = PLGH, green X = PLG4B, orange o = PLGIB. 
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Figure 9.3 shows representative samples after 21 days immersion in SBF. The 

composite samples appeared to be paler and more matt than before immersion and the 

swelling and warping, especially of PLG4B, can be seen. 

Figure 9.3: DMA specimens after 21 days in SBF, 10-15 min after removal from 
SBF. Left to right: PLG, PLGC, PLGH, PLG4B, PLGIB. 

Figure 9.4 shows the storage modulus and tan delta of the materials after 

immersion in SBF. Tables 9.4 and 9.5 show the significance of the results when 

comparing the different materials at each individual time point. The storage moduli 

of the composite materials dropped after immersion in SBF for up to 21 days, whereas 

that of PLG remained fairly constant. PLG4B storage modulus reduced rapidly and 

reached 0.15 GPa after only 3 days in SBF. The storage moduli of PLGC, PLGH and 

PLGIB were significantly higher than PLG and PLG4B initially. After 1 day 

immersion, PLGC>PLGH>(PLG & PLGIB)>PLG4B. After 3 days immersion, the 

storage modulus of PLGC was still significantly greater than the other materials, but 

PLGH was no longer significantly greater than PLG and PLGIB. There was no 

significant difference between the storage moduli of PLG, PLGC or PLGH after 7 

days immersion, but these were significantly greater than for PLG4B and PLGIB. At 

14 days immersion, PLG, PLGC and PLGH were significantly greater than PLG4B; 

there were no significantly different results after 21 days immersion. 

It would appear that tan delta for PLGIB and PLG4B increased over 

immersion time, whereas PLGC and PLGH were more comparable to PLG which 

remained fairly constant over the 21 day immersion period, but the large error 

associated with the PLG4B and PLGIB data - due to excessive specimen swelling and 

subsequent warping and a reduced sample size due to specimens breaking during 

testing - resulted in the trend not being significant for PLGIB. Tan delta was initially 

significantly greater for PLG4B than the other materials and remained thus until 21 
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days immersion when it was no longer significantly greater than that of PLGIB. 

Initially, PLGIB tan delta was significantly lower than that for PLG. 
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Figure 9.4: (a) Storage modulus after ageing in SBF. (b) Tan delta after ageing in 
SBF. n = 5 (except: PLG4B; n = 4 at 1 day, 3 at 3 days, 2 thereafter. PLGIB: n = 3 at 
7 days and thereafter). Mean + 1 s.d. Black 0 = PLG, pink • = PLGC, blue A = 
PLGH, green x = PLG4B, orange o = PLGIB. 

Storage 
Modulus 

PLG 
PLGC 

PLG 
PLGH 

PLG 
PLG4B 

PLG 
PLGIB 

PLGC 

PLGH 

PLGC 

PLG4B 

PLGC 

PLGIB 

PLGH 

PLG4B 

PLGH 

PLGIB 

PLG4B 

PLGIB 

0 day * * * * 
* 

1 day * * * * * 
* 

3 days * * * 
* 

7 days * * * 

14 days * * 

21 days 

Table 9.4: Comparison of PLG and composite storage modulus after immersion in 
SBF. * = significantly different using One-way Analysis of Variance test with a = 
0.05, followed by the Bonferroni method. 

Tan 
Delta 

PLG 
PLGC 

PLG 
PLGH 

PLG 
PLG4B 

PLG 
PLGIB 

PLGC 

PLGH 

PLGC 

PLG4B 

PLGC 

PLGIB 

PLGH 

PLG4B 

PLGH 

PLGIB 

PLG4B 

PLGIB 

0 day * * * * * 

1 day * * * * 

3 days * * * * 

7 days * * * 

14 days * 

21 days * 

Table 9.5: Comparison of PLG and composite tan delta after immersion in SBF. * = 
significantly different using One-way Analysis of Variance test with a = 0.05, 
followed by the Bonferroni method. 
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9.3 Degradation study 

9.3.1 Methodology 

Samples were prepared as for the compression tests in Section 4.1.2. Samples 

were weighed, and each dimension was measured at three approximately equidistant 

points using a Mitutoyo digital vernier gauge (Mitutoyo digimatic, Hampshire, UK, 

0.01 mm resolution). Samples were placed individually into polyethylene screw cap 

vials and 25 ml SBF was added to each. This resulted in a volume to surface area 

ratio of approximately 20:1. Vials were placed in an environmental chamber (New 

Brunswick Scientific Classic Series, C24 hicubator Shaker, Edison, NJ, USA) at 37 

°C, with horizontal rotational agitation of 175 rpm. 

For short term immersion tests, three samples per material per timescale were 

assessed at 0, 1 , 3 , 7 , 14 and 21 days. At the pre-determined time points, the pH of 

the SBF was assessed and SBF was removed for ICP analysis, see Section 4.2.9. 

Samples were blotted with tissue, weighed and dimensions were measured as before. 

Photographs of select samples were taken. Samples were then dried in a vacuum oven 

at 80 °C, 1 bar vacuum, until their weight was no longer seen to reduce using 

laboratory scales (Scientec SA210 balance, Scientec Inc., Colorado, USA, 

repeatability 0.0001 g), approximately 4 hours, at which time the samples were 

considered to be dry and the weight was recorded. 

Long term immersion tests were carried out on 8 samples per material per time 

point after 3, 6, 9 and 12 weeks immersion in SBF. The SBF was replaced every 3 

weeks; pH assessment was carried out every 3 weeks for samples from the 12 week 

study. At the pre-determined time points, samples were blotted with tissue, weighed 

and their dimensions were measured. Representative samples were photographed. 

Compression tests were carried out as described in Section 4.2.6. Samples were then 

dried as for the short term tests and reweighed. 2-3 specimens per material per time 

point were sent to RAPRA for molecular weight analysis; dried samples were stored 

at 4 °C in a desiccator with indicating silica gel and phosphorous pentoxide and then 

sent in one batch to allow comparative GPC to be carried out. 
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9.3.2 Results 
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Figure 9.5: Examples of compression test samples after immersion in SBF for up to 
12 weeks, before drying. Left to right in each image: PLG, PLGC, PLGH, PLG4B, 
PLGIB. 

Figure 9.5 shows that after 1 day immersion in SBF, there was no change in 

the appearance of PLG, PLGC or PLGH. PLG4B had begun to lose its brown 

colouring, turning off-white. Some surface pits of the original colour were visible. 

PLGIB was dull in places. After 3 days, PLG4B was even paler and some specimens 

felt slightly soft. PLGIB had begun to become paler, with a chalky appearance akin to 

toothpaste. After 1 and 2 weeks, all samples were dull with a white surface residue. 

PLG4B was swollen and tiny pieces were seen to adhere to the vernier callipers on 

measuring the samples. After 3 weeks, both PLGH and PLGIB appeared to be paler. 

PLGIB had the same shape as before immersion, but samples were larger in size. 
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Some PLG4B samples were sticky to touch, some had surface cracks. At 6 weeks, 

one of the PLG4B samples broke in two after being measured. After 9 weeks, PLG 

was cloudy and PLGC, PLGH and PLGIB were chalky in appearance and all had a 

white residue on the surface. PLG4B samples had begun to fall apart, the front face 

of one soft sample sheared off during measuring, one sample was cracked on the face, 

and another was broken in two. After 12 weeks, PLG and PLGC had the same 

appearance as at 9 weeks, PLGH and PLGIB samples had become paler and again a 

white residue was present on the surface of all samples. PLG4B samples were white-

grey and sticky to the touch, and pieces of the samples were falling off as they were 

measured. 

ICP analysis of the SBF for the short term tests - to establish the concentration 

of Ca, P, Na and Si in solution in order to investigate the differences in the material 

response to immersion - was carried out^ for triplicate samples per material per time 

point. Despite attempting to carry out the analysis twice, the results obtained did not 

yield intelligible results, possibly due to machine malfiinction during testing, and are 

therefore not included. Further analysis using this method was not attempted due to 

limitations in substrate quantity. 

The effects of immersion on sample weight, size and the pH of the solution for 

both short and long term tests are shown in Figure 9.6. The statistical significance of 

the differences in the materials at each time point is displayed in Tables 9.6 to 9.9. 

The wet weight of the samples, shown in Figure 9.6a and Table 9.6, was 

shown to increase slowly over time for PLG, PLGC and PLGH reaching a maximum 

value of 5, 7 and 14 %, respectively; and to increase more rapidly for PLGIB and 

especially PLG4B, reach a plateau at 25 % (21 days) and 74 % (7 days), respectively, 

and then decrease. At all time points the wet weight increase of PLG4B was 

significantly greater than all other materials. From 1 day immersion to 6 weeks 

immersion, inclusive, the wet weight increase of PLGIB was significantly greater than 

all other materials except PLGH at 7 days and 6 weeks. At 9 weeks immersion, 

PLGIB wet weight increase was significantly lower than all other materials, and at 12 

weeks it was significantly lower than PLGH and PLG4B. PLGH wet weight increase 

was significantly higher than PLG and PLGC at 14 days and 9 weeks (where it was 

' With assistance from Dr J. Jones, Materials Department, Imperial College London. 
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also higher than PLGIB), and greater than PLG and PLGEB at 12 weeks. At 9 weeks, 

the wet weight increase of PLGC was greater than PLG and PLGIB. 

The dry weight change, shown in Figure 9.6b and Table 9.7, was seen to be 

small for PLG, PLGC and PLGH with PLGC reducing by 2 % at 12 weeks; but 

greater for PLGIB and especially PLG4B with a reduction at 12 weeks of 35 % and 

61 %, respectively. At all time points, PLG4B dry weight had reduced by a 

significantly greater amount than all other materials. After 3 days immersion, PLGC 

was significantly lower than PLGH and PLGIB. From 7 days until 12 weeks 

immersion, PLGIB dry weight was significantly lower than all other materials. At 9 

weeks, PLGC dry weight was significantly lower than PLGH. 

The change in specimen volume is shown in Figure 9.6c and Table 9.8. PLG, 

PLGC and PLGH were seen to increase in volume over 9 weeks immersion by 6, 18, 

and 30 %, respectively, with a plateau or slight decrease between 9 and 12 weeks. 

PLG4B and PLGIB were seen to increase greatly in volume, especially PLG4B, reach 

a plateau region - for PLG4B this was 110 % at 7 days and PLGIB 53 % at 21 days -

and then decrease in volume. At all time points, PLG4B volume was significantly 

larger than all other materials. From 1 day to 6 weeks immersion, inclusive, PLGIB 

had a significantly larger volume than PLG, PLGC and PLGH; from 9 to 12 weeks 

immersion it was significantly greater than PLG and PLGC. From 3 to 6 weeks 

immersion, PLGH volume was significantly greater than PLG, and from 9 to 12 

weeks it was also greater than PLGC. There was no significant difference between 

the volume of PLG and PLGC until 9 and 12 weeks immersion, when PLGC became 

significantly greater than PLG. 

The change in pH over immersion time is shown in Figure 9.6d and Table 9.9. 

The pH of SBF without any samples is also shown as a control; it can be seen to vary 

slightly over the immersion period. From 1 day to 3 weeks immersion PLG4B was 

more alkaline than all other materials except PLGH at 1 day, reaching a peak of pH 

7.67 at 21 days; at 6 weeks it became more acidic than PLG and PLGIB, and from 9 

to 12 weeks immersion it was more acidic than all other materials, reaching pH 6.89 

at 12 weeks. At 1 day immersion, PLGH was more alkaline than PLG and PLGC. 

PLGIB was more alkaline than PLG at 7 days, more alkaline than PLG, PLGC and 

PLGH at 3 weeks, and more alkaline than all other materials at 12 weeks immersion. 

PLGC and PLGH were more alkaline than PLG at 3 weeks immersion. 
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The change in weight of wet samples shown in Figure 9.6a was a complex 

value which included both the effects of water uptake and mass loss. The change in 

dry weight of the samples in Figure 9.6b showed the mass loss of the samples. Figure 

9.7 shows the change in wet weight minus the change in dry weight, to give an 

indication of the amount of water present in the samples. It shows a similar trend to 

the change in weight of the wet samples, as expected, with a less pronounced mass 

loss for PLG4B and PLGIB after 21 days immersion, which for wet weight data was a 

result of specimen mass loss. Peak values for PLG, PLGC, and PLGH were 4, 9, and 

13 %, respectively, at 12 weeks; for PLG4B and PLGIB the peak values were 101 % 

and 37 %, respectively, at 21 days. 
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Immersion time [days] 
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Figure 9.6: The effects of immersion in SBF on specimen properties, (a) % change in 
weight of wet samples, (b) % change in weight of dry samples, (c) volume, (d) pH. 
Mean + s.d. n > 3. Black 0 = PLG, pink • = PLGC, blue A = PLGH, green x = 
PLG4B, orange o = PLGIB, red • = SBF. 
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Wet 
weight 

P L G -
PLGC 

P L G -
PLGH 

P L G -
PLG4B 

P L G -
PLGIB 

PLGC 

PLGH 

PLGC 

PLG4B 

PLGC 

PLGIB 

PLGH 

PLG4B 

PLGH 

PLGIB 

PLG4B 

PLGIB 

1 day * . * - , * * 

3 days * • • * . * * * 

7 days 
* - * * * 

14 days 
* * * , * 

* 
* 

3 weeks 
* * * X . , * * 

* ' 

6 weeks 
% * . * . , * 

* 

9 weeks 
. * * - * * 

12 weeks * * * 

Table 9.6: Comparison of PLG and composite wet weight increase after immersion in 
SBF. * = significantly different using One-way Analysis of Variance test with a = 
0.05, followed by the Bonferroni method. 

Dry 
weight 

P L G -
PLGC 

P L G -
PLGH 

P L G -
PLG4B 

P L G -
PLGIB 

PLGC 

PLGH 

PLGC 

PLG4B 

PLGC 

PLGIB 

PLGH 

PLG4B 

PLGH 

PLGIB 

PLG4B 

PLGIB 

1 day • * 

3 days 
* * 

7 days * .. * ' 

14 days * ' * ' . * 

3 weeks 
* * 

6 weeks 
* * . ' * ' ; . * 

9 weeks , * 7*; . * 

12 weeks * ' * ' 

Table 9.7: Comparison of PLG and composite dry weight change after immersion in 
SBF. * = significantly different using One-way Analysis of Variance test with a = 
0.05, followed by the Bonferroni method. 

Volume 
P L G -
PLGC 

P L G -
PLGH 

P L G -
PLG4B 

P L G -
PLGIB 

PLGC 

PLGH 

PLGC 

PLG4B 

PLGC 

PLGIB 

PLGH 

PLG4B 

PLGH 

PLGIB 

PLG4B 

PLGIB 

I day 
* • * 

3 days ' * '• * . 

7 days 
. * / * * 

14 days 
^ ^ * * * - * 

3 weeks 
* * ' * * 

6 weeks 
* . * * ' * * 

9 weeks : * ' * * 

12 weeks 
* , * 

. * • 
* * . * 

Table 9.8: Comparison of PLG and composite volume change after immersion in 
SBF. * = significantly different using One-way Analysis of Variance test with a = 
0.05, followed by the Bonferroni method. 
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pH 
P L G -
PLGC 

PLG 
PLGH 

PLG 
PLG4B 

PLG 
PLGIB 

PLGC 

PLGH 

PLGC 

PLG4B 

PLGC 

PLGIB 

PLGH 

PLG4B 

PLGH 

PLGIB 

PLG4B 

PLGIB 

1 day * * * * * 

3 days * * * * 

7 days * * * * * 

14 days * * * * 

3 weeks * * * * 
* 

* * * * 

6 weeks * * 

9 weeks * * * * 

12 weeks * * * * * * * 

Table 9.9: Comparison of PLG and composite pH change after immersion in SBF. * 
= significantly different using One-way Analysis of Variance test with a = 0.05, 
followed by the Bonferroni method. 
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Figure 9.7: The difference in the wet weight % and dry weight % shown in Figure 
9.6a and 9.6b. Black 0 = PLG, pink • = PLGC, blue A = PLGH, green x = PLG4B, 
orange o = PLGIB. 

GPC results are displayed in Figure 9.8, which shows that Mw and Mn tended 

to reduce over time in SBF; PLG underwent the most degradation with a 40 and 54 % 

reduction in Mw and Mn, respectively, over the immersion period. The composites 

appeared to lose most molar mass within the first 6 weeks of immersion and then 

either plateau at this mass, or reduce slightly - maximum loss from 3 to 12 weeks was 

found in PLGH Mn where a 13 % drop was seen. Fluctuations of up to 4 % were seen 

in the results for composites after 3 weeks immersion, possibly as a result of the 

experimental technique used. A fluctuation of 9 % in PLGIB Mn between 6 and 9 

weeks was observed, no clear explanation for this is apparent. Comparison of the 

percent change in Mw and Mn between PLG and composites after each immersion 

time in SBF using a One-way Analysis of Variance test with a = 0.05, followed by the 

Bonferroni method showed that all results were significantly different except the Mn 

of PLG-PLGC at 9 weeks. Polydispersity (PDI) values for the materials were shown 

to be close to 2.0, the value which is achieved as a result of random chain scission of 
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the polymer. The materials had a PDI greater than 2 initially; PLG appeared to have 

the most constant PDI, with a slight increase at 12 weeks, and the bioactive glass-

based composites appeared to have most variation. The results of significance tests 

regarding PDI are shown in Table 9.10, most materials were significantly different to 

one another at each time point, there was no clear pattern to the dispersion of 

insignificant results. 
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Figure 9.8: GPC analysis of the different materials after immersion in SBF. (a) Mw, 
(b) Mn, (c) polydispersity. Average of duplicate values. Black 0 = PLG, pink • = 
PLGC, blue A = PLGH, green x = PLG4B, orange o = PLGIB. 

PDI 
PLG 
PLGC 

PLG 
PLGH 

PLG 
PLG4B 

PLG 
PLGIB 

PLGC 

PLGH 

PLGC 

PLG4B 

PLGC 

PLGIB 

PLGH 

PLG4B 

PLGH 

PLGH; 

PLG4B 

PLGH; 

0 weeks * * * * * * * * 

3 weeks * * * * * * * * 

6 weeks * * * * * * * 

9 weeks * * * * * * 

12 weeks * * * * 

Table 9.10: Comparison of PLG and composite PDI after immersion in SBF. * = 
significantly different using One-way Analysis of Variance test with a = 0.05, 
followed by the Bonferroni method. 
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The results of the compression tests carried out on the specimens after 

immersion in SBF are shown in Figure 9.9. The appearance of the specimens during 

testing was also noted. The response of PLG to compression was similar at all time 

periods, failure was mainly characterised by diagonal bands visible in the transparent 

material, likely indicating shear stresses. PLGC and PLGH responded similarly to the 

tests by mushrooming at the platens and barrelling (a few samples buckled slightly), it 

was noted that PLGC samples felt slimy at 9 weeks immersion. PLG4B failed with 

vertical cracks - especially at the surface - at 3 weeks and this was seen at subsequent 

time points even though test results were not recorded because the force values were 

extremely low. PLGIB exuded water when compressed after 3 weeks immersion, the 

surface of the material appeared wet during testing and moisture remained on the 

platens after testing, this also occurred in tests at later time points. The low 

mechanical properties recorded were not directly a result of this water being present in 

the material, because maximum force occurred before 1 mm displacement, further 

compression resulted in a reduction in force rather than an increase as would be seen 

if the material was to become stronger once all the moisture had been squeezed out 

(however the water may have damaged the sample as it was squeezed out and also 

caused hydrolysis over time). At 3 weeks, PLGIB failed by mushrooming at the ends 

of the specimen (limited buckling was also seen); at 6 weeks, cracks were seen at the 

ends of the samples and some limited buckling was observed; and at 9 and 12 weeks 

the samples failed by vertical cracking and the surface of the specimen falling away 

ft-om the interior. 

The results in Figure 9.9 were compared to assess whether the materials were 

significantly different to one another at each time point from 3 to 12 weeks immersion 

using a One-way Analysis of Variance test with a = 0.05, followed by the BonfeiToni 

method. No data was collected for PLG4B after 3 weeks as the mechanical properties 

were very low. Young's modulus and yield stress were found to be significantly 

different for all materials firom 3 to 12 weeks immersion. Yield strain was not 

significantly different for any material at any stage over the 3 to 12 weeks immersion. 

The force recorded at the yield strain was significantly different for all materials at all 

times over 3 to 12 weeks, except PLGC-PLGH at 12 weeks immersion where no 

significant difference was seen. 
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Figure 9.9: Change in compressive mechanical properties over time in SBF. (a) 
Young's modulus, (b) yield stress (0.1 % strain offset), (c) yield strain (0.1 % strain 
offset), (d) force at yield stress (0.1 % strain offset). Mean + s.d. n > 8 except PLG4B 
at 3 weeks, n = 4; PLGIB at 6 and 9 weeks, n = 7. Black 0 = PLG, pink • = PLGC, 
blue A = PLGH, green x = PLG4B, orange o = PLGIB. 

The Young's modulus. Figure 9.9a, was seen to reduce over immersion time 

for all materials. The modulus of PLG was least affected by immersion, and only 

reduced slightly over the 12 week period. Although initially reinforcing PLG, after 3 

weeks immersion the stiffness of PLGC, PLGH and PLGIB had fallen to below that of 

PLG; PLGIB reduced more than PLGC and PLGH, and PLGC was slightly stiffer than 

PLGH for the remainder of the immersion period where the drop in modulus became 

much less pronounced than between 0 and 3 weeks. PLG4B Young's modulus was 

comparable to that of PLG initially, after 3 weeks immersion it had dropped 

considerably and was very low. 

Yield stress (0.1 % strain offset) showed a similar pattern to the modulus 

following immersion of the samples in SBF. PLG remained fairly constant over the 12 

weeks; PLGC, PLGH and PLGIB were comparable to PLG initially, but dropped 

during immersion, especially between 0 and 3 weeks. PLGIB dropped the greatest and 

again PLGC was slightly greater than PLGH. PLG4B yield stress was lower than the 

other materials initially, and by 3 weeks the stress was extremely low. 
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Although the presence of the fillers reduced the yield strain (0.1 % strain 

offset) initially, by 3 weeks the yield strain of all materials was comparable and 

remained so for the rest of the testing period. 

The force at the yield stress (0.1 % strain offset) had the same pattern for all 

materials at all times as the yield stress, except for PLGC-PLGH at 12 weeks where 

there was no significant difference between the two values. 

Typical stress-strain plots showing the different responses of the materials at 

each time point are shown in Figure 9.10, and Figure 9.11 shows the change in 

material response over the immersion period for each material (PLG4B was only 

tested at 3 weeks due to very low mechanical properties). 
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Figure 9.10: Typical stress-strain plots for the different materials after immersion in 
SBF. (a) 0 weeks, (b) 3 weeks, (c) 6 weeks, (d) 9 weeks, (e) 12 weeks. Lines; black = 
PLG, pink = PLGC, blue = PLGH, green = PLG4B, orange = PLGIB. 
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Figure 9.11: Typical stress-strain plots of materials following immersion in SBF. (a) 
PLG, (b) PLGC, (c) PLGH, (d) PLG4B, (e) PLGIB. Lines; black = 0 weeks, pink = 3 
weeks, blue = 6 weeks, green = 9 weeks and orange = 1 2 weeks. 

Therefore, in general, addition of bioactive glasses caused much greater and 

earlier loss of mechanical properties, the CaCOa and HA fillers had intermediate 

deleterious effects, and the yield stress and Young's modulus of PLG did not change 

much over the time period studied. 
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9.4 Discussion 

In this chapter, the properties of PLG and composites have been investigated 

following immersion in SBF for both short term ageing studies of up to 21 days and 

long term degradation studies of up to 12 weeks. Weight and dimensional change of 

two sample shapes was assessed, DMA and compression tests were carried out, the 

change in molecular weight was recorded, and the sample appearance and solution pH 

were monitored. 

The appearance of the compression test pieces was found to change over 

immersion time in SBF. After 1 day immersion, PLG4B had become paler and 

PLGIB also became paler after 3 days immersion, possibly due to leaching out or 

dilution of the chemicals which caused this colour. By 7 days, all samples appeared 

dull and some had a white residue on the surface which may have been a calcium 

phosphate layer or residue from the SBF. At 21 days, PLGH had started to become 

paler, PLGIB had visibly swollen, and PLG4B had surface cracks and was sticky to 

the touch. DMA samples at 21 days supported these findings. For the remainder of 

the immersion period, the samples did not change greatly in appearance, except that 

PLG4B began to lose its structural integrity. 

The data for the change in the wet weight of the samples (which was affected 

both by water uptake and by mass lost from the sample) over the immersion periods 

for DMA was supported by that for the compression test specimens. The presence of 

the fillers seemed to increase the rate of water uptake for the samples, possibly 

because any poor bonds between the filler and the matrix acted as routes for water 

ingress into the material. PLG4B had a greater weight increase than all specimens, 

and with PLGIB it was greater than with PLGH, PLGC and PLG. These two 

materials appeared to reach a saturation point at 7 days for PLG4B and 7-21 days for 

PLGIB, after which the weight stabilised and then reduced. PLGH, PLGC and PLG 

appeared to increase in weight in a more linear manner than PLG4B and PLGIB, 

PLGH at a greater rate than PLGC and PLG, and PLGC was greater than PLG. The 

significant difference in wet weight seen between the composites may be due to the 

degradation of the fillers producing soluble ions that draw in water by osmosis [179]. 

The bioglasses, especially 45S5 BG, are more soluble and therefore might draw in 

more water by osmosis. The difference in wet weight increase seen here is supported 

by the tests carried out to assess hydrophilicity of the samples in Table 7.3, which 
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shows that PLG4B is more hydrophihc, and PLGC and PLGH more hydrophobic than 

PLG (however PLG did not swell considerably as there were no filler particles present 

in the material to cause routes for water ingress). A less crystalline polymer structure 

would allow more water ingress [48]; this may be the case for PLG4B and PLGIB as 

was shown in Figures 7.8c and 7.8d. 

Dry weight change in the compressive test specimens was assessed to 

determine whether there was any mass loss in the samples - although this would also 

be seen in the wet weight data, the results would be unclear due to the presence of 

water. The dry weight for PLG and PLGH remained constant over the 12 week 

period. PLGC seemed to reduce slightly after 9 weeks immersion; possibly because 

the calcium carbonate had begun to dissolve (degradation can occur from months to 

over one year as detailed in Section 2.4.1). PLG4B began to lose weight immediately 

and PLGIB after 7 days immersion. As discussed before, the bioactive glasses, 

especially 45 S 5 BG, are soluble which would mean that they react with the water 

quickly and some dissolution may occur. The low polymer molecular weight of these 

samples after processing would mean that water could more easily penetrate into the 

matrix and this, along with the large degree of swelling which may be due to ingress 

from osmosis via the fillers, would increase the rate of degradation. The ingress of 

such large quantities of water may have caused structural damage to the samples 

which would result in a positive feedback loop and degradation would be accelerated. 

The quantity of water present in the system, shown by subtracting the dry 

weight from the wet weight, showed that PLG4B and PLGIB became saturated after 

21 days immersion, PLGH and PLGC possibly became saturated at 9 weeks 

immersion, this might be clarified by any future studies over a longer timescale. The 

slight reduction in the quantity of water present for PLG4B and PLGIB after 

saturation may be because sample mass was being lost, so there was effectively less 

sample which could store the water. 

The dimensional change of the samples, assessed via width measurements of 

DMA specimens and volume measurements of the compressive test specimens, 

showed the same pattern as the wet weight change. This is because the increase in 

weight due to water ingress, and loss of weight due to mass loss, would cause these 

fluctuations in sample volume. 

The pH of the specimens did not show a clear trend, except that PLG4B 

appeared more alkaline than the other samples at 14 and 21 days, this alkaline 
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response for 45S5 BG has been observed by others [100,180,181], It became more 

acidic than the other materials at 9 and 12 weeks, possibly because the polymer 

molecular weight was excessively low at this point and mass was being lost. 

GPC data indicated that PLG molar mass reduced the greatest, either because 

it had a higher initial molecular weight or because there was no basic filler to 

counteract the acidic polymer degradation by-products and therefore an acidic internal 

environment was present (which would not necessarily be seen in pH results as it was 

internal) which catalysed degradation, PDI did increase at 12 weeks which is 

indicative of this. Mw and Mn did not appear to decrease very much for the 

composite materials, which was unexpected because of the extra water ingress 

observed for these materials, it was possibly due to a pH buffering effect caused by 

the fillers. The PDI for the composite materials was greater than 2 initially; this may 

be because the multiple processing steps caused some parts of the sample to be of a 

slightly different molecular weight to others. The bioactive glass fillers seemed to 

cause the most variation in PDI, especially ICIE4 BG. 

Considering mechanical properties, the storage moduli of the composite 

samples reduced after immersion in SBF, while that of PLG remained constant for the 

21 days studied. PLG4B reduced the greatest and PLGIB was also low 7 days after 

immersion. The initial reinforcing effect of PLGH and PLGC was lost after 3 and 7 

days immersion, respectively. Tan delta remained fairly constant for PLG, PLGC and 

PLGH over the 21 day immersion period. PLG4B and PLGIB tan delta appeared to 

increase over 3 - 7 days and then plateau. These results are likely due to the water 

ingress damaging any bonds between matrix and filler, and also the measured values 

would include the water which would act to plasticise the system. The large standard 

deviations and subsequent lack of statistical significance of results at the later stages 

of the trial were due to the reduction in sample size resulting from samples breaking 

in testing, and to warping of the specimens as a result of swelling. It should be noted 

that the storage modulus is dependent on the sample dimensions (Equation 4.21), and 

so the swelling of samples would have had some influence on the results. The extent 

of this effect on mechanical properties was examined in greater detail for the 

compressive samples in the long term study. 

In the long term compression tests, the effects of immersion on Young's 

modulus, yield stress and the force at yield stress showed similar trends. Yield stress 

was the force divided by the cross-sectional area, which on swollen samples included 
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the water present. Force was simply a measure of the force on the sample irrespective 

of the degree of swelling and, considering the initial sample size was similar for all 

specimens, would give a comparative value between samples. Because the trends 

between force and yield stress were similar, this suggests that the physical size of the 

samples due to the presence of water did not affect the results, possibly because the 

change in size of the small samples was minimal in comparison to the change in force. 

The modulus, stress and force were only slightly reduced for PLG over the 12 week 

period. They were reduced for all composites, especially PLG4B and PLGIB over the 

12 weeks, particularly between 0-3 weeks immersion. This, coupled with the GPC 

results, suggests that the PLG alone and in the composites degraded slightly over the 

12 week period, but the major factor influencing the composite mechanical properties 

was the uptake of water which served to reduce the Young's modulus, yield stress and 

force at yield stress to below that of PLG after only 3 weeks immersion. These results 

were corroborated by the storage modulus data. 

After 3 weeks immersion, the more brittle nature of the composites was lost 

and the yield strain was comparable for all materials, likely due to the water uptake in 

the composites. 

The typical stress-strain graphs provide a good overview of the change in 

properties over immersion time. Initially, the materials had a peak stress value and 

also a yield stress could be derived. After 3 weeks immersion, the composites no 

longer expressed this peak and only a yield stress could be derived. The response of 

PLG did not change very much over the 12 weeks, PLGIB changed greatly and 

PLG4B could not be tested after 3 weeks as its properties were so low. 

The fast rate of degradation of PLG4B may be highly suited to applications 

where a more rapid loss of the implant is required and where the filler and matrix 

degrade at the same rate. 

The results found in this chapter are supported by the work of others. 

Shikinami and Okuno [13] assessed the bending strength of PLLA with 50 wt% 

uncalcined and unsintered HA after immersion in phosphate buffered saline (PBS) for 

up to 52 weeks. They found that although bending strength was initially increased by 

the filler, on immersion the strength immediately decreased. PLLA maintained its 

strength for at least 12 weeks and by approximately 3-6 weeks the strength was 

comparable to that of the composite. The findings correlated with changes in 

molecular weight, it was suggested that the increased degradation was due to the filler 
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allowing water ingress. Lower wt% HA (20 wt%) had results comparable to PLLA 

alone, suggesting that a lower quantity of filler may reduce the degradation and 

change in mechanical properties. Kikuchi et al. [69] examined the degradation of 

PLLA with 75 wt% tricalcium phosphate in physiological saline over 24 weeks. 

Three-point bend strength of PLLA was found to remain constant for approximately 4 

weeks and then drop, for the composite material it dropped immediately and began to 

plateau at 2-4 weeks. At 12 weeks, the strength of the composites was still less than 

that of the polymer alone, but at 24 weeks, PLLA had a lower strength. The 

molecular weight of PLLA was found to decrease more than that of the composite and 

was lower than the composite at 12 and 24 weeks. This suggests that tests over a 

longer time period may show that the composites retain their mechanical properties 

better than the polymer alone. Verheyen et al. [114] studied the flexural strength of 

PLLA with 30 wt% HA in PBS over 52 weeks. The results of the study suggested 

that PLLA lost its properties faster than the composite; this may be because a lower 

wt% filler was used as discussed earlier. All samples lost strength immediately, with 

the greatest loss occurring between 0-3 weeks, the same pattern was seen for 

molecular weight. Wet weight change was also recorded and showed that the 

composite had a greater water uptake, with an increase in weight of approximately 3 

% at 6 weeks. This supports the findings of this chapter. Rich et al. [182] used DMA 

to assess the degradation of a lactic acid based poly(ester-urethane) (PEU) with 20 

vol% HA (PEU20HA) or biphasic calcium phosphate (a mix of HA and tricalcium 

phosphate) (PEU20BCP) in saline over 5 weeks. The water absorption of the samples 

was measured; PEU and PEU20HA reached a plateau after approximately 1 week, 

with an increase of 2 and 5 % respectively. PEU20BCP, the more degradable filler, 

reached a plateau at 4 weeks with 6 % water absorption. Again this supports the 

finding that fillers, especially the more reactive ones, increase the degree of water 

absorption. Three-point bend DMA at 37 "C was then carried out on vacuum dried 

samples. Storage modulus was maintained over the 5 weeks for PEU at 

approximately 3 GPa, but reduced for the composite samples. For PEU20HA the 

storage modulus reduced from approximately 5 to 4 GPa, with most change between 

0-2 weeks. For PEU20BCP, storage modulus dropped fi-om approximately 5.5 to 3.5 

GPa over the 5 weeks at a relatively constant rate. As samples were dried prior to 

testing (thus removing any plasticizing effect from the presence of water in the 

samples), this suggests that the composites were in some way damaged by the water 
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ingress. Molecular weight did not appear to drop greatly over the 5 weeks. The 

explanation given suggested that higher water ingress into the composite specimens 

disrupted the matrix filler interface and allowed deformation to occur more easily. 

These results again support the findings of this chapter. 

Comparing the compressive mechanical properties with those for bone 

detailed in Table 1.1, it can be seen that after 12 weeks immersion all composites 

(except PLG4B) had a Young's modulus within the range found for trabecular bone. 

The yield stress at 12 weeks immersion of PLG, PLGC and PLGH was higher than, 

and for PLGIB it was within the range for, the ultimate compressive stress for 

trabecular bone. Yield strain for all materials (except PLG4B which was not tested 

after 3 weeks) following 12 weeks immersion was within the range for the strain at 

break for trabecular bone. 

9.5 Summary 

This chapter has shown that, although the fillers improved the polymer 

mechanical properties initially in most cases, this improvement was lost within 7 days 

for storage modulus and within 3 weeks for compressive properties. This is attributed 

mainly to the increased degree of water uptake seen with the composites in 

comparison to the polymer alone, rather than due to degradation of the polymer 

during immersion. The more reactive fillers such as ICIE4 BG and especially 45S5 

BG swelled to a greater degree and lost their properties faster than the other materials, 

possibly due to accelerated water ingress due to osmosis and a more degraded 

polymer initially. PLGC appeared to maintain its properties longer than PLGH over 

the period studied. An extended test period may show degradation of PLG 

mechanical properties faster than the composites after a longer period of immersion 

due to the pH buffering effect of the alkaline fillers on the acidic environment created 

by matrix degradation. Although the loss of mechanical properties is undesirable at 

early stages of immersion, the composite properties (except PLG4B which was not 

tested after 3 weeks) were still superior to or comparable with those of trabecular 

bone and the benefits of bioactivity from the fillers may outweigh the lower 

mechanical properties compared with PLG alone. 
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10. W F/ri?0 CELL CULTURE 

In this chapter, the effects of ethylene oxide sterilisation on the material 

surface properties will be investigated and the material topology will be characterised 

as these will affect cell response. MG63 human osteosarcoma cells will be used to 

determine the cell response to the materials in terms of degree of cell attachment, 

proliferation, morphology and differentiation. 

10.1 Background 

In order to predict the biological response to the different materials, cell 

culture was carried out to give an indication of the relative bioactivity of PLG and 

composites. 

Osteoblasts are anchorage-dependent cells that are involved in the production 

of bone in vivo. The osteoblastic phenotype develops from an osteoprogenitor 

proliferative cell via a sequence of differentiation - cell attachment to proteins 

adsorbed to the material surface, cell adhesion and spreading; cell proliferation; 

expression of osteoblastic markers; synthesis, deposition and maturation of 

collagenous extracellular matrix; and matrix mineralization - where some then form 

an osteocyte embedded in extracellular matrix [183,184]. The parameters associated 

with this development such as cell attachment, morphology, proliferation, and 

markers of differentiation can be monitored to ascertain the cellular response to 

biomaterials. Markers of differentiation, to ensure that the osteoblastic phenotype is 

being expressed, which are commonly measured are alkaline phosphatase and 

osteocalcin. Alkaline phosphatase (ALP) is an enzyme produced by osteoblastic cells 

and is an early marker of differentiation the production of which reaches a peak prior 

to matrix mineralization [185]; it has a role in the formation and calcification of the 

skeleton [186]. Osteocalcin (OC) is an osteoblast-specific noncollagenous matrix 

protein synthesized by osteoblastic cells and is a late stage marker of differentiation 

[185,187,188]. 

The cells used for the trials were MG63 human osteosarcoma cells (ECACC, 

Salisbury, Wiltshire, UK), a cell line originally from a 14 year old male [189]. A cell 

line was used in preference to harvesting primary osteoblasts because primary 
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osteoblasts have a limited in vitro lifetime and serial subculture causes a loss of the 

osteoblastic phenotype [190,191], thus to obtain sufficient cells for all experiments 

cells from more than one source may have been necessary which might have caused 

variation in results. The cell line could be stored and passaged to provide sufficient 

cells for the duration of the experiments. A study by Clover and Gowen [188] 

showed that MG63 cells were similar to osteoblast-like cells with maximal attachment 

occurring after 2 hours culture, the rate of proliferation was greater than the 

osteoblast-like cells, ALP production was lower (0.025 /^molpNPP/mgDNA/hr, 7 % 

of the osteoblast-like cell production), and OC production was negligible. OC and 

ALP expression were seen to increase with the addition of 1,25-dihydroxyvitamin D3 

(1,25(0H)2D3), ALP levels were still lower than the osteoblast-like cells but OC was 

comparable to the osteoblast-like cells; this was also found in other studies where both 

ALP and OC were seen to increase in a dose-dependent manner [185,187], The use of 

supplements (50 ju.g/ml ascorbic acid, 10 mmol /S-glycerophosphate and 10 nmol 

dexamethasone) was shown to reduce proliferation and increase ALP expression of 

human bone marrow cells [183]. Therefore MG63 cells were considered suitable as a 

model for osteoblast attachment and OC production (with l,25(OH)2D3), with 

proliferation being slightly increased and ALP production lower than osteoblasts. 

However, this was a comparative study and it was the cellular reaction between 

materials rather than the absolute values which was of interest and therefore this cell 

type was considered suitable for use. 

The initial attachment of the cells will be affected by the surface 

characteristics of the materials such as topography, chemistry and surface energy 

[184]. Generally, cell adhesion is superior on hydrophilic surfaces [192]. The surface 

roughness can take the form of surface waviness, roughness or small surface pores 

which by their nature vary in amplitude, sharpness and frequency. Lee et al. [193] 

examined the response of MG63 cells to polycarbonate surfaces with pore sizes of 0.2 

- 8 ixm. They found that cell adhesion and proliferation were inhibited as pore size 

increased from 3 jum, with pores 3 jum and greater acting as discontinuities in the 

surface resulting in a more rounded cell shape and lower cell numbers. Pores 5 /xm 

and larger resulted in higher ALP and OC expression. The results suggested that the 

larger pore size (3-5 iim and above) caused cells to exhibit the characteristics of more 

differentiated osteoblasts. Zinger et al. [194] examined MG63 cells on titanium 

surfaces with varying roughness (0.7 - 3 jxm ('sub-micron roughness') versus 0.06 /xm 
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('smooth')), micro-crater size (10, 30 and 100 /xm) and micro-crater spacing. Cell 

number, ALP and OC production were seen to increase with the presence of sub-

micron roughness. Cells seemed to grow in the cavities of 100 fxm and ignore the 10 

jum cavities where they grew over the top (possibly because the cells were larger than 

the cavities). With the smooth surfaces, the wider spaced micro-cavities of size 10 

and 30 jim had more cells than the 100 /xm size, and for the closer spaced cavities 

100>30>10 jLtm. With surfaces having sub-micron roughness, wider spaced cavities 

showed no significant difference in cell number, ALP or OC expression with cavity 

size; in closer spaced cavities the cell numbers reduced and ALP and OC expression 

increased as the cavity size increased; cell number reduced and ALP and OC 

increased slightly for all cavity sizes for closer spaced cavities in comparison to wider 

spaced cavities (however, surface area was affected by the different topologies which 

may also have affected results). This research suggests that the topography of a 

surface has a complex effect on cells which is not yet fully understood. It would 

appear that MG63 cells attach and proliferate better with a small degree of roughness, 

of the order 0.2-3 fxm, but attachment and proliferation are inhibited above and below 

this range. A larger scale roughness (in the order of 100 jLim) in addition to the small 

scale roughness seems to promote ALP and OC production, i.e. a more differentiated 

osteoblastic phenotype. The effects of all these inter-related surface parameters must 

be accounted for as they will affect the cellular response to the material. 

10.2 Materials 

Compression moulded sheets (see Section 4.1.3) were cut with a junior 

hacksaw after marking the side adjacent to the base of the mould with permanent 

marker for identification so that the culture faces would have a similar topography. 

The cut sheets were milled and sanded with 1200 grit silicon carbide paper to form 

specimens measuring approximately 8 x 8 x 2 mm (range in dimensions of sides 7.5-

8.9 mm), see Figure 10.1. 72 - 80 samples of each material type were sent for 

ethylene oxide sterlisation (Andersen Caledonia, Lanarkshire, Scotland, UK) and 

packaged into sterile groups of 4. 
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Figure 10.1: Cell culture specimens. Left to right: PLG, PLGC, PLGH, PLG4B, 
PLGIB. 

As well as the biocomposites, a positive control material of Thermanox® in the 

form of plastic coverslips 13 mm diameter (NUNC^"^, cell culture treated on one side, 

pre-sterilised, Nalge Nunc International, NY, USA) was used. For later cell culture 

experiments, these were cut with sterile scissors in a laminar flow hood to 

approximately 8 x 8 mm, the tissue culture treated side was marked with a spot of 

permanent marker on one edge, and the samples were then sterilised with UV for 30 

min. 

10.3 Sterilisation and its effect on material hydrophilicity 

In order to assess the effect of EtO sterilisation on specimen hydrophilicity, 

contact angle goniometry was used as described in Sections 4.2.5 and 7.8. Results are 

shown in Table 10.1. 

Average contact 
angle at 95 s 

[degrees] (s.d.) 

PLG 68.03 (4.88) 

PLGC 56.65 (3.64)* 

PLGH 66.68 (5.69) 

PLG4B r 22.38 (1.95)** 

PLGIB 63.38 (5.72) 

Table 10.1: Average contact angle of deionised water on material surface. Each 
reading is an average of the angle measured at the left and right side of the droplet, (n 
= 4). ^Significantly different to PLG (P < 0.01), **significantly different to PLG (P < 
0.0001). 

There was a significant change in contact angle at 95 s following EtO 

sterilisation compared to before sterilisation (see Table 7.3, Section 7.8); for PLGC 

there was a decrease (P < 0.001) and PLG4B a decrease (P < 0.0001). There was no 

significant effect on PLGH or PLGIB, as determined by an unpaired two-tailed t-test. 
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This suggests that PLGC and PLG4B became more hydrophihc after EtO steriUsation. 

This may be due to a cleaner surface being present after the sterilisation process. 

Differences in the hydrophilicity will affect cellular response to the material, 

as described in Section 10.1, and therefore consideration of these differences needs to 

be made when comparing the results of cell culture experiments. 

10.4 Surface roughness 

Surface roughness analysis was carried out on the cell culture specimens in 

triplicate. The roughness of two perpendicular lines 4 mm long was assessed for each 

specimen using a Taylor Hobson Form Talysurf Series 2 (Taylor Hobson Ltd., 

Leicester, UK), as described in Section 4.2.10. The run-up length of the stylus before 

measuring began was 0.3 mm. A stylus traverse speed of 0.5 mm/min was used and 

data was collected every 2.5 p,m. 

For data analysis, the lower cut-off was set to 0.0025 mm; this was limited by 

the radius of the stylus. The upper cut-off was set to 0.8 mm initially, as 

recommended in BS EN ISO 4288: 1998. This was then altered to 0.25 mm - altering 

the cut-off changes the number of sampling lengths in the evaluation length from 5 

(results will be an average of the sampling length data), this will impact on the 

statistical accuracy of the results - to remove the effect of larger-scale waviness which 

varied more in height and therefore masked the smaller-scale roughness which is of 

interest in cell culture as detailed in Section 10.1. 

Typical scans are shown in Figures 10.2 to 10.7. 
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Figure 10.2: Typical surface roughness profiles for the PLG specimen, (a) raw data, 
(b) 0.8 mm cut-off, (c) 0.25 mm cut-off. 
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Figure 10.3: Typical surface roughness profiles for the PLGC specimen, (a) raw data, 
(b) 0.8 mm cut-off, (c) 0,25 mm cut-off. 
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Figure 10.4: Typical surface rougliness profiles for the PLGH specimen, (a) raw data, 
(b) 0.8 mm cut-off, (c) 0.25 mm cut-off 
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Figure 10.5: Typical surface roughness profiles for the PLG4B specimen, (a) raw 
data, (b) 0.8 mm cut-off, (c) 0.25 mm cut-off 
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Figure 10.6: Typical surface roughness profiles for the PLGIB specimen, (a) raw 
data, (b) 0.8 mm cut-off, (c) 0.25 mm cut-off. 
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Figure 10.7: Typical surface roughness profiles for the Therm anox® specimen, (a) 
raw data, (b) 0.8 mm cut-off, (c) 0.25 mm cut-off 
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The average and standard deviations of the roughness parameters (defined in 

Section 4.2.10) are shown in Table 10.2 and the statistical significance of results is 

shown in Tables 10.3 and 10.4. 
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P L G 0.15 0.17 1.04 1.06 68.06 0.01 0.03 1.31 13.26 4 3 9 6 

P L G C 0.14 CU6 0.41 0.90 5 & M 0.04 0 0 8 0 ^ 0 5.05 7 56 6 

P L G H 0.21 0.24 1.78 9 J 0 99.83 0 4 2 0.04 1.42 5.24 13.16 6 

P L G 4 B 0.37 0.42 0.97 0.55 48 60 0.11 0 3 2 0 ^ 4 12.98 17.47 6 

P L G I B 0.45 0.50 1.04 1 3 2 169.77 0.08 0.14 0 3 0 11.34 20.12 6 
(B) 

T h e r m a n o x 0.02 0.02 1.17 9 53 9.77 0.00 0.01 2.92 53 3 6 3.91 5 

Table 10.2: Roughness parameters, mean and standard deviation (n = 5 or 6). 
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Table 10.3: Comparison of PLG and composite roughness parameters, 0.8 mm cut-
off * = significantly different using One-way Analysis of Variance test with a = 0.05, 
followed by the Bonferroni method. Therm = Thermanox®. 
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Table 10.4: Comparison of PLG and composite roughness parameters, 0.25 mm cut-
off * = significantly different using One-way Analysis of Variance test with a = 0.05, 
followed by the Bonferroni method. Therm = Thermanox®. 

Considering Ra (and Rq) for 0.8 mm cut-off; PLG, PLGC and PLGH appeared 

to be similar in roughness. PLG4B and PLGIB were significantly greater than 

Thermanox® and PLGIB was greater than PLG. This may be related to the particle 
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size of the fillers. Thermanox®, with an Ra of 0.05 jjim could be considered to be 

'smooth' and the other materials with Ra 0.2-0.8 fim considered to have sub-micron 

roughness as described in Section 10.1. The results changed with the 0.25 mm cut-

off; PLG was significantly lower than PLGC, PLG4B and PLGIB, and insignificantly 

lower than PLGH. Thermanox® was significantly lower than all the composite 

materials. Thermanox® was 'smooth' with Ra 0.01 /xm; the remaining materials had 

Ra 0.1-0.2 [xm, bordering on the low side of sub-micron roughness. The differences 

in results with the two cut-off values show that the experimental parameters have a 

large influence on the results obtained, these parameters are rarely reported in the 

literature. 

Thermanox® and PLGH were negatively skewed (Rsk) for both cut-off values, 

having more troughs than peaks. PLG4B and PLGIB had more peaks in both cases. 

PLG and PLGC had more peaks at 0.8 mm cut-off and more troughs at 0.25 mm cut-

off. There was no significant difference in skewness, except between PLG and 

PLGIB at 0.25 mm cut-off. These differences in topography may affect cell 

attachment, troughs may act in the manner of osteoclast resorption pits and peaks may 

provide sites for osteoblast focal adhesion (suggested by Zinger et al. [194]). 

The kurtosis values (Rku) indicated that Thermanox® was bumpy in all cases. 

At 0.8 mm cut-off PLGH was also bumpy. At 0.25 mm cut-off PLG was bumpy and 

PLG4B was relatively bumpy. None of the results were significantly different. 

Variations in the spikiness of the roughness may influence cellular response, for 

example for a bumpy surface the radius of curvature may be so great that the cell is 

unaffected as 'perceives' the surface as flat. 

As detailed in Section 4.2.10, Rlq accounts for the effect of the amplitude and 

wavelength of each harmonic on the overall profile; i.e. it is a measure of the spacing 

of peaks, taking into account both the crests of the larger peaks and the smaller crests 

on the flanks of these. It is a hybrid parameter based on both amplitude and spacing 

data. With 0.8 mm cut-off, Rlq values for PLGC and Thermanox® were significantly 

lower than PLGIB. At 0.25 mm cut-off, Thermanox® Rlq was significantly lower 

than the composites, and PLGIB was significantly greater than PLG, PLGC and 

PLG4B. Again, the differences in spacing of the roughness will affect the response of 

cells, as found by Zinger et al. [194] and detailed in Section 10.1. 

The differences in topography need to be considered when analysing the 

results from cell culture experiments, as they will influence cellular behaviour. 
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10.5 Cell culture 

10.5.1 General methodology 

All cell culture experiments were carried out with the guidance of either Miss 

Olga Tsigkou or Mr Julian George, Materials Dept., hnperial College London. 

Protocols for the different experiments are detailed in Appendix 5. 

MG63 osteosarcoma cells (ECACC, Salisbury, Wiltshire, UK), passages 14-

18, were used for all experiments. Good Laboratory Practice was followed at all 

times in the lab. The laminar hood flow cabinet (Safelab, Faster BH-EN 2005) was 

sterilised with UV for 30 min after use, before use it was swabbed with Vircon and 

wiped and then sprayed with 70 % industrial methylated spirits (IMS). All items 

entering the hood were sprayed with copious quantities of 70 % IMS. Equipment e.g. 

pipettors, tweezers etc. was placed in an autoclave bag and steam autoclaved for 10 

min (Prestige® Medical Century 2, Prestige Medical Ltd., Birmingham, UK) prior to 

use. 

Growth medium was prepared from 1 % Gentamicin (10 mg/mL prepared in 

water), 10 % foetal bovine serum (FBS), 88-89 % DMEM media (with 4500 mg/L 

glucose, L-glutamine, pyruvate) all from Gibco, Invitrogen Ltd., Paisley, UK. 

The variation in the number of cells counted using the haemocytometer 

(Appendix 5) was assessed to quantify the error in cell number that would be quoted 

for seeding purposes. The variation in cell number was assessed at different stages to 

answer the following questions: 

1. How much did cell number vary for samples taken from the same vial after mixing 

with trypan blue? 

2. How much did cell number vary for samples taken from the same culture flask? 

For one cell culture flask, the cells were removed as normal. Three samples 

were taken from the same vial after trypan blue staining and were counted and 

averaged as normal (cells were pipetted in the vial before sampling because otherwise 

they settled and clumped within the vial). Average values were found to be 110, 119 

and 122, with s.d. of 8, 13, and 17, respectively. The average and range of these 

average values was therefore 117 + 6 %. For another cell culture flask, average 

values were recorded for four different samples taken from the same culture flask. 

The average values were found to be 9, 9, 11, and 12 with s.d. of 3, 2, 4, and 4, 

respectively. The average and range of these average values was therefore 10 + 17 %. 
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10.5.2 The effects of preconditioning the sample in media 

Other studies carrying out cell culture on orthopaedic biomaterials [195-197] 

were found to immerse samples in culture media prior to cell seeding, in order to 

allow the material-media environment to equilibrate e.g. to stabilise any pH 

fluctuations, to allow proteins to adsorb to the material surface and a calcium 

phosphate layer to form on materials that had this capability. The effect of this 

preconditioning step on the different materials within this study was assessed to 

ascertain its effects on cell number after 1 and 7 days culture. 

4,000 cells/cm^ were seeded onto two material specimens per time point (to 

minimise material usage during set-up trials). Cells were fixed, the actin was stained 

with fluorescent dye (phalloidin-FITC), and the nuclei were stained with a different 

fluorescent dye (VECTASHIELD® mounting medium with DAPI, VECTOR, Vector 

laboratories Inc., CA, USA)), see Appendix 5 for methodology. 

A fluorescent microscope (Olympus BX51 with DP manager software version 

1.2.1.107, Olympus Optical Co., Ltd. 2001-2003., London, UK) was used to visualise 

the specimens. Typical images are shown in Figures 10.8 to 10.11. The nuclei 

present in each image were counted for three images per specimen (i.e. 6 images per 

material) and averaged to give cell density. 

(d) (e) (f) 
Figure 10.8: Fluorescent microscope images of specimens with no immersion in 
media prior to cell seeding, 1 day after seeding, (a) PLG, (b) PLGC, (c) PLGH (d) 
PLG4B, (e) PLGIB, (f) Thermanox®. Stain: nuclei = DAPI, actin = phalloidin-FITC. 
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^0 (e) 00 
Figure 10.9: Fluorescent microscope images of specimens with no immersion in 
media prior to cell seeding, 7 days after seeding, (a) PLG, (b) PLGC, (c) PLGH (d) 
PLG4B, (e) PLGIB, (f) Thermanox®. Stain: nuclei = DAPI, actin = phalloidin-FITC. 

200 Mm 

( 0 00 (0 
Figure 10.10: Fluorescent microscope images of specimens with 48 h immersion in 
media prior to cell seeding, 1 day after seeding, (a) PLG, (b) PLGC, (c) PLGH (d) 
PLG4B, (e) PLGIB, (f) Thermanox®. Stain: nuclei = DAPI, actin = phalloidin-FITC. 
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^ j l . . . . ' ^ ^ 
^ ' .' " ' k . " 200 pm 

f , . . V -

Oi) (e) OD 
Figure 10.11: Fluorescent microscope images of specimens with 48 h immersion in 
media prior to cell seeding, 7 days after seeding, (a) PLG, (b) PLGC, (c) PLGH (d) 
PLG4B, (e) PLGIB, (f) Thermanox®. Stain: nuclei = DAPI, actin = phalloidin-FITC. 

79,766 
* * * 

135.994 154,532 
* / y 

10 .877^ 

1 day - Oh 7 day - Oh 1 d a y - 4 8 h 7 day - 48h 

Figure 10.12: Cell density for different materials at 1 and 7 days culture after 0 or 48 
h immersion in media prior to cell seeding. Mean + s.d. n = 6. Black = PLG, grey = 
PLGC, upward stripes = PLGH, downward stripes = PLG4B, dots = PLGIB, dashes = 
Thermanox®. Significance compared to the same material at the same time 
unimmersed versus immersed assessed by two-tailed unpaired t-test, *P < 0.05, **P < 
0.001. 

Figure 10.11 shows a greater number of cells which were more spread on the 

material surface after preconditioning for 48 h. Figure 10.12 shows the quantitative 

results of the immersion studies. There was a large standard deviation for PLGC at 7 

days after 48 h immersion (not visible on the figure) because one of the samples had 
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clearly more cells than the other. The figure shows that prior immersion of samples 

for 48 h in culture media significantly increased the number of cells on the composite 

samples after 1 day of culture when compared to no prior immersion. After 7 days 

culture, preconditioned Thermanox® had significantly more cells than the non-

immersed material, and the difference in cell number on PLGIB samples was no 

longer significant. The results clearly suggest that preconditioning of composite (not 

PLG) samples in culture media for 48 h resulted in an increase in cell number 

compared to non-preconditioned samples. 

Figure 10.12 also indicates that Thermanox®, as expected because its purpose 

was as a positive control material, seemed to be the most favourable surface for cells, 

giving the highest cell number. PLGC and PLGH were also favoured. The cells were 

not expected to favour PLG as much as the composites because it has no bioactive 

filler. PLG, PLG4B and PLGIB seemed to cause the cell number to reduce over 

longer time periods; hypotheses for this were: 

1. PLG was generally unfavourable to cell growth, and the presence of calcium 

carbonate or hydroxylapatite masked this effect. 

2. A change in pH to an extreme value caused by the bioactive glasses was 

unfavourable for the cells [198,199]. 

3. A change in the surface topography (e.g. swelling or cracking) of the materials 

after immersion caused cells to detach or die. 

The vast literature suggesting that PLLA and PGA are suitable biomaterials 

(see Section 2.3.2) suggests that point 1 was unlikely, however any impurities 

introduced at any stage in material or sample manufacture may influence cell 

behaviour. 

Regarding pH - it was noted that the media, which had a pH indicator in it, 

initially changed colour for the PLG4B materials from pink to orange/yellow during 

the preconditioning phase. This suggested that the media pH was affected by the 

material. Previous SBF studies (Section 9.3.2) showed an increase in pH with this 

material. However, the yellow colour indicated an acidic as opposed to basic 

environment, therefore EtO sterilisation may have degraded the material so much that 

the polymer was disintegrating and making the environment acidic. This colour 

change was only observed during preconditioning, but media pH during culture was 

assessed to quantify any differences when cells were present. The pH of the media 

was therefore assessed over 14 days, with samples seeded at a density of 16,000 
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cells/cm^. A pH 209 pH meter (HANNA instruments Ltd., Leighton Buzzard, UK) 

was used and calibrated at each time point using pH 4, 7 and 10 buffer solutions 

(BDH Laboratory supplies, Poole, UK). The meter was rinsed with dHzO before use. 

For each reading, four samples of 500 |il were added to one well in a 24 well plate per 

reading. Two wells of the 24 well-plate were tested per material (i.e. results were an 

average of 8 samples per material per time). Samples were kept at 37 °C until 

readings were taken. The probe was left in the solution until the pH stabilised. The 

order of sample readings was varied each time so that any variation due to 

temperature drop etc. could be seen. The variation of mean pH is shown in Figure 

10.13. 
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7.9 

5 . 7.8 -

7.7 -
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T ime in m e d i a [days] 

Figure 10.13: pH of media over time. 0 = PLG, • = PLGC, A = PLGH, X = PLG4B, 
o - PLGIB, 0 = Thermanox®. 

Figure 10.13 shows that the pH for all materials except Thermanox® was very 

similar and therefore the drop in cell number seen in Figure 10.12 was unlikely to be 

due to extremes in pH, unless the effect was very localised at the material surface 

which would not have been detected by the pH meter used. 

Therefore possibly the cells were affected by hypothesis point 3, the surface 

topography, which was greatly changing for the PLG4B and PLGIB samples due to 

swelling (Figures 9.1 and 9.6). Some large cracks were observed in PLG4B and cells 

were seen to grow in these cracks, as shown in Figure 10.14. 

The swelling of samples and material loss would not provide a stable surface 

for cell attachment and growth, and for the PLG4B and PLGIB samples this may have 

contributed to the reduction in cell number over time. Any cells growing in the cracks 

formed in the material would be subjected to the micro-environment of that crack, 

which may have a different surface chemistry and pH compared to the overall 

material. 
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Sample surface' 

Cell nucleus -

Floor of crack 

(a) (b) 
Figure 10.14: Fluorescent microscope images of PLG4B specimen with (a) 0 h (b) 48 
h immersion in media prior to cell seeding 7 days after seeding. Shows cell nuclei 
stained with DAPI in the cracks that had occurred in the material during immersion in 
fluid. 

The testing of the hypotheses to explain the reduction in cell number over time 

for PLG, PLG4B and PLGIB seen in Figure 10.12 was therefore inconclusive. The 

change in surface topography appears to be a strong possibility for explaining the drop 

in cell number for PLG4B and PLGIB, but this does not hold for PLG. It may also be 

as a result of a chemical in the PLG (which is masked for PLGH and PLGC), or a 

localised pH change for PLG4B and PLGIB. Future investigations in this chapter will 

determine whether the phenomenon of reduced cell response over time to these 

materials occurs in all experiments. 

Figures 10.8 to 10.12 showed that immersion of the composites in media for 

48 hours before cell seeding gave a higher cell density. This is likely due to the 

immersion giving the system time for formation of a calcium phosphate layer on the 

composite materials, time for proteins to adsorb to the surface, and time for any 

residual EtO or other toxins to wash off the material before the cells were seeded. 

In order to assess whether a calcium phosphate layer was formed after 48 h 

immersion in media, ED AX was used^ to assess two samples per material after 0 and 

2 days immersion in media at 37 °C. Samples were sputter coated with carbon 

because although gold would give a flatter surface (which is desirable for less error), 

the K excitation peak of phosphorus would be superimposed on the M excitation peak 

of gold, which would not allow evaluation of any CaP layer formation. Results are 

shown in Figures 10.15 and 10.16. The initial spectrum peak in the ED AX analyses 

shown in Figure 10.15 is the error in the machine, it is at 0 keV and is called the 

characteristic x-ray and is not associated with the sample. The y-axis of the sample 

cannot be compared between samples because it can be manually manipulated so is 

' With the assistance of Dr M. Ardakani, Materials Dept., Imperial College London. 
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only relevant to compare between elements within the same spectrum. Quantitative 

results are expressed as wt%. 
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Figure 10.15: EDAX analysis of the surface of samples before (a, c, e, g, i, k) and 
after immersion in media for 48 h (b, d, f, h, j, 1) at 37 °C. (a, b) PLG, (c, d) PLGC, (e, 
f) PLGH, (g, h) PLG4B, (i, j) PLGIB, (k, 1) Thermanox®. 
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Figure 10,16: Quantitative ED AX data for elements. • = PLG 0 d, • = PLG 2 = 
PLGC 0 d, H = PLGC 2 d, B= PLGH 0 d, • = PLGH 2 d , B = PLG4B 0 d, • = 
PLG4B 2 d , m = PLGIB 0 d, • = PLGIB 2 d, S = Thermanox® 0 d, SI = Themianox® 
2 d . 

In Figure 10.15 the samples prior to immersion showed the expected elements 

to suggest that some filler particles were exposed on the material surface, with 

PLG4B and PLGIB having a higher and lower amount of Na, respectively, as 

predicted. From the spectra, it is possible to see that PLG, PLGH and Thermanox® 

had Na and CI after 2 d immersion. PLG4B and PLGIB also had CI (they had Na 

before), therefore all these samples may have developed some salt on the surface 

(although the Na for PLG4B reduced, possibly leaching into the media as it was high 

before immersion). PLG and Thermanox® developed some Ca and P on the surface. 

The surface composition of PLGC did not appear to change. 

From Figure 10.16, considering Ca and P, PLG and Thermanox® gained both 

Ca and P after 2 d immersion in media. PLGC did not develop any P and Ca reduced 

slightly. There did not appear to be any change in the weight % of Ca or P for PLGH. 

PLGIB showed a very small reduction in Ca and increase in P, which may be 

insignificant. PLG4B appeared to show an increase in Ca and P. It is not possible to 

consider C because the specimen is carbon coated so the polymer itself cannot be 

analysed. There was a big decrease in Na for PLG4B, and an increase in Si for 

PLG4B and reduction for PLGIB. 

Error in the quantitative ED AX comes from the fact that lighter elements are 

subject to lots of absorption (the results were corrected for this but there will be some 

error). Also, a rougher surface causes more error because of deflection of the beam 

path (some normalisation was made for this though). There is limited error from the 

fact that the areas considered were slightly different in size. 
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These results suggest that a CaP layer was not present on PLGC, was 

negligible/unclear on PLGH and PLGIB, and was present on PLG, PLG4B and 

Thermanox® after 48 h immersion in media. Therefore the higher number of cells 

after immersion seen for the composite materials in Figure 10.12 may be more greatly 

due to the adsorption of proteins from the media and the washing of the sample 

surface, rather than formation of a CaP layer, or the CaP layer may have formed after 

a shghtly longer immersion period than 48 h, but less than 72 h (48 h prior immersion 

and 24 h culture) when the cell numbers were counted. 

10.5.3 Cell attachment 

MG63 cells were seeded at a density of 16,000 cells/cm^ onto the samples 

(preconditioned for 48 h in media), four samples were used per material per time. The 

cells were fixed at 0.5, 1, 3 and 6 h and stained with DAPI and for actin as described 

in Appendix 5. Images of the cells were taken with the fluorescent microscope, and 

three images of the nuclei were obtained per sample, giving 12 images per material 

per time point. These images were inverted in PC software (Microsoft Word) to 

obtain negative greyscale images, a hardcopy was printed and the number of nuclei 

were counted and averaged. The cell density is shown in Figure 10.17 and images of 

the samples are shown in Figure 10.18 to 10.21. 
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Figure 10.17: Cell attachment. Mean + s.d. n = 12. Comparisons were made via a 
two-tailed unpaired t-test. Compared to PLG, *P < 0.05, **P < 0.001. Compared to 
Thermanox®, f P < 0.05, f t ? ^ 0.001. Compared to previous time point, $P < 0.05, 
H P < 0 . 0 0 1 . 
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Figure 10.18: Cell attachment after 0.5 hours, (a) PLG, (b) PLGC, (c) PLGH, (d) 
PLG4B, (e) PLGIB, (f) Thermanox®. Stain: nuclei = DAPI, actin = phalloidin-FITC. 

Figure 10.19: Cell attachment after 1 hour, (a) PLG, (b) PLGC, (c) PLGH, (d) 
PLG4B, (e) PLGIB, (f) Thermanox®. Stain: nuclei = DAPI, actin = phalloidin-FITC. 
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Figure 10.20: Cell attachment after 3 hours, (a) PLG, (b) PLGC, (c) PLGH, (d) 
PLG4B, (e) PLGIB, (f) Thermanox®. Stain: nuclei = DAPI, actin = phalloidin-FITC. 

Figure 10.21: Cell attachment after 6 hours, (a) PLG, (b) PLGC, (c) PLGH, (d) 
PLG4B, (e) PLGIB, (f) Thermanox®. Stain: nuclei = DAPI, actin = phalloidin-FITC. 

Figure 10.17 shows that the composite materials had significantly greater cell 

attachment at all times than Thermanox®, except PLGH at 6 h which was likely due to 

high variability in results. At 0.5 h, PLG had a greater cell density than Thermanox® 

and at 1 and 6 h a greater cell density than both PLG4B and Thermanox®. Cell 
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attachment for PLG significantly increased between 0.5 and 1 h and decreased 

between 1 and 3 h culture, for Thermanox® attachment increased between 0.5 and 1 h 

and for PLGH it decreased between 1 and 3 h. 

From Figures 10.18 and 10.19, at 0.5 h and 1 h all cells looked quite rounded, 

i.e. they appeared to have attached to the materials but not spread on them. At 3 h 

(Figure 10.20) and 6 h (Figure 10.21) cells were seen to be spreading out, with cells 

showing lamellipodia and filopodia. At 3 h cells on PLG and PLG4B appeared to be 

less spread than on the other materials. After 6 h, cells on Thermanox® seemed to 

have a more spread morphology than on the other materials. 

It should be noted that this method did not take into account whether cells 

were alive or dead, but results from the following study would indicate whether the 

cells had survived to proliferation and the spread morphology seen in Figure 10.21 for 

the majority of cells suggests that they were alive. 

10.5.4 Cell proliferation 

Cells were seeded at 16,000 cells/cm^ with supplements in the media (1:100 

IM jS-glycerophosphate, 0.85 mM L-ascorbic acid, and 5x10"^ M dexamethasone, as 

per the protocol of Miss O. Tsigkou) as supplements were found to aid expression of 

the osteoblast phenotype as described in Section 10.1. 

The MTS assay (3-(4,5-dimethyIthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-

(4-sulfophenyl)-2H-tetrazolium) assay) is an assay in which the substrate (MTS) is 

bioreduced from a yellow colour to a brown formazan product by NADPH or NADP 

which are produced by the mitochondrial enzymes of living cells to give an indication 

of the cellular metabolic activity. Intensity of the colour is directly related to the 

number of viable or living cells [200,201]. Absorbance is affected by the media 

used, the serum used, pH, and length of exposure to light [201]. The background 

absorbance is typically 0.2-0.3 units after 4 h [201]. 

MTS assays (CellTiter 96® AQueous One Solution Cell Proliferation Assay, 

Promega Corporation, WI, USA) were carried out at 1, 3, 7, 14 d with three samples 

and one control (samples with no cells) per material, and three blanks (no samples and 

no cells). The readings were normalised with respect to the control and blank samples 

to give the activity of the cells. The MTS protocol is described in Appendix 5. 

In order to ensure that the reaction solution was not becoming saturated as the 

salt was incubated with the samples over time; an MTS assay was carried out at 1 and 
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2 hours (Figure 10.22). Thermanox , being the positive control material, indicated 

the highest cellular metabolic activity - the fluorescence was seen to increase and so 

the system was considered not to be saturated after 1 h. The other samples had a 

fluorescence which was sufficient to register on the plate reader and so 1 h was 

considered sufficient incubation time for future tests. Proliferation tests were 

therefore carried out after 1 h incubation with the MTS assay solution, see Figure 

10.23. 
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Figure 10.23: (a) MTS over the time period. Mean + s.d. n - 6. (b) as Figure 10.23a, 
focussing on the composites. Compared to PLG using a two-tailed unpaired t-test., *P 
< 0.05, **P < 0.001. Compared to Thermanox® using a two-tailed unpaired t-test., j P 
< 0.05, I I P < 0.001. Compared to previous time point using a two-tailed unpaired t-
test, $P < 0.05, # P < 0.001. 

Figure 10.23 shows that Thermanox® had significantly higher proliferation 

than all other materials at all times. PLG had a significantly higher degree of 

proliferation than PLG4B at 1 and 3 days, and a significantly lower proliferation in 

• 1 day 

• 3 days 

• 7 days 

• 14 days 
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comparison with PLGH at 3 days, PLG4B at 7days and PLGC and PLGIB at 14 days. 

The metabolic activity of PLG and PLGH reduced, and Thermanox® increased, 

significantly at each time period. PLGC reduced significantly from 1-3 days but 

increased significantly from 7-14 days. PLG4B significantly increased from 1-3 days, 

and PLGIB significantly reduced from 1-7 days. 

On observing the media prior to replacing it, samples which had a higher 

degree of proliferation tended to have yellow media and the media for the other 

samples remained pink (see Figure 10.24 which shows representative images taken 

from a later experiment using a Leica DC300 optical microscope with Leica IM50 

Image Manager software, VI.20). 

(d) (e) (f) 
Figure 10.24: Light microscope images of the media surrounding samples seeded at 
16,000 cells/cm^ after 2.5 days (21 days total immersion). Original magnification = 
xlO. (a) PLG, (b) PLGC, (c) PLGH, (d) PLG4B, (e) PLGIB, (f) Thermanox®. 

10.5.5 Cell morphology 

Cells were seeded at 16,000 cells/cm^ with supplements in the media as for the 

proliferation study, Section 10.5.4. SEM analysis was carried out after 1 and 7 days 

culture using a JEOL JSM-5300 SEM with Spirit version 1.06.02 software (Princeton 

Gamma-Tech, Inc., NJ, USA). Two samples per material per time were assessed. 

The protocol for SEM preparation is described in Appendix 5. Images of cell 

morphology are shown in Figures 10.25 and 10.26. 
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Figure 10.25: SEM images of cell morphology after 1 day culture. Scale bars: left 
images 100 ^m, right images = 25 |xm. (a, b) PLG, (c, d) PLGC, (e, f) PLGH, (g, h) 
PLG4B, (i, j) PLGIB, (k,l) Thermanox®. Crystals present in (k) and (1) are an artefact 
of the dehydration process. 
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Figure 10.26: SEM images of cell morphology after 7 days culture. Scale bars: left 
images 100 |a,m, right images 25 |j,m. (a, b) PLG, (c, d) PLGC, (e, f) PLGH, (g, h) 
PLG4B, (i, j) PLGIB, (k,l) Thermanox® (an area of less dense cells was chosen to 
enable visualisation of cell shape). Crystals present in (i) and (j) are an artefact of the 
dehydration process. 

229 



Chapter 10./n Viti-o Cell Culture 

The images in Figure 10.25 show that the cells on PLG after 1 day culture 

were attached with filopodia extending from the cells. Cells on PLGC and PLGH had 

a similar morphology, with cells either quite well spread or with an elongated 

morphology; these elongated cells at 1 day had a similar morphology to the cells on 

PLG after 7 days. After 1 day culture, cells on PLG4B and PLGEB were very 

rounded, which suggests that although the cells had attached, they had not spread very 

well. Cells on the Thermanox® were very flat and well-spread after only 1 day in 

culture. After 7 days (Figure 10.26), the cells were more spread on the PLG with an 

elongated profile. The cells on PLGC and PLGH became more elongated and 

rectangular in comparison to their shape at 1 day. After 7 days, no cells could be seen 

on the PLG4B samples and the material surface was seen to be cracking. Cells on 

PLGIB at 7 days were still poorly spread with a rounded morphology. A sheet of 

cells was present on Thermanox® after 7 days and the layer was almost confluent. 

10.5.6 Cell differentiation 

In order to assess the degree of differentiation of the cells on the materials, the 

expression of ALP and OC, described in Section 10.1, was measured. Cells were 

seeded at 16,000 cells/cm^ with supplements in the media as for the proliferation 

study. Section 10.5.4. 

The ALP assay involves ALP-mediated conversion of p-nitrophenol phosphate 

to nitrophenol and inorganic phosphate in an alkaline buffer, the nitrophenol has an 

absorbance maximum at approximately 405 nm, where the solution is a yellow colour 

the intensity of which is proportional to the ALP expression [202]. In order to 

normalise the ALP expression with respect to the number of cells, a protein assay was 

also carried out. In this assay, an acidic dye which binds mainly to basic and aromatic 

amino acid residues is added to the protein, a differential colour change of the dye 

occurs in response to the protein concentration which can be measured at 

approximately 595 nm. The protein assay is affected by basic buffer conditions and 

detergents [203]. 

An ALP assay was carried out at 3, 7, and 14 d with the same three samples 

per material used for proliferation studies (washed gently 5 times with pre-warmed 

clear media between tests), and two extra samples per material with cells for protein 

calibration tests. The ALP protocol is detailed in Appendix 5. Calibration curves, 

shown in Figure 10.27, were generated with blank well plates and either ALP assay or 
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protein assay with differing concentrations of ALP and protein, to convert plate reader 

optical density values (described in Section 4.2.11) into measures of the concentration 

of ALP and protein. The calibration curves were used along with the ALP assay 

without material specimens or cells (blank samples), and also the protein assay with 

material samples and cells, in duplicate (two readings per sample giving four readings 

in total for both the blank and protein samples), to enable the ALP data to be 

expressed as quantity of ALP produced per mg protein rather than as optical density 

values. 
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Figure 10.27: Calibration curves to convert optical density read by the plate reader 
into the quantity of ALP produced per mg protein, (a) pNP concentration. Mean + 
s.d. n = 3. (b) Protein concentration. Mean + s.d. n = 3. 
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Figure 10.28: ALP expression after 3, 7 and 14 days culture, n = 3, mean + s.d. 
Compared to PLC using a two-tailed unpaired t-test, *P < 0.05. Compared to 
Thermanox® using a two-tailed unpaired t-test, f P < 0.05. Compared to previous time 
point using a two-tailed unpaired t-test, $P < 0.05. 

Figure 10.28 shows the ALP expression by the cells over 14 days of culture. 

Only Thermanox® clearly expressed ALP after 7 days culture and this expression was 
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significantly greater than the other materials. ALP expression by PLG4B and PLGIB 

was significantly lower than for Thermanox® and PLG at 14 and 3 days, respectively, 

and ALP expression for PLGIB significantly increased between days 3 and 7; but the 

negative values expressed by the materials were considered to be erroneous and will 

be considered in the discussion. Section 10.6. ALP expression on Thermanox® was 

seen to significantly increase between days 3 and 7 and to reduce between days 7 and 

14. 

OC can be identified by immunofluorescent staining. A primary antibody is 

used to bind to the amino acids present in OC (there are 49 amino acids in OC [204]). 

Occasionally the primary antibody can be fluorescently labelled and a secondary 

antibody is unnecessary, however at other times a fluorescently labelled secondary 

antibody is required to bind to the primary antibody to identify the substance (in this 

case OC), because a fluorescently labelled primary antibody is not available or signal 

amplification can be achieved with the use of a secondary antibody [205]. The 

secondary antibody is against the species that the primary antibody was raised in, in 

order to facilitate binding. The primary antibody must be raised in a different species 

to the test cells because immunoglobulins (antibodies) from the same species do not 

interact and so if used, a high degree of background fluorescence would occur due to 

the secondary antibody binding non-specifically [206]. 

OC was detected qualitatively using an immuno-stain after 14 days culture, 

two samples were assessed per material. The protocol for this is detailed in Appendix 

5. Following staining, samples were visualised under the fluorescence microscope, 

images of areas with the highest cell density were captured. Results are shown in 

Figure 10.29 where OC stained red (with some background fluorescence) and the 

nuclei were stained blue with DAPI. Previous work by Miss O. Tsigkou (Materials 

Dept., Imperial College London, unpublished data) showed that control material 

samples including Thermanox® and Bioglass® did not stain in this manner when no 

cells were present or when only a secondary antibody, no primary antibody, was used. 
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Figure 10.29: OC expression on two samples per material after 14 days immersion. 
OC stained with immuno-stain (Texas Red), nuclei with DAPI. (a, b) PLG, (c, d) 
PLGC, (e, f) PLGH, (g, h) PLG4B, (i, j) PLGIB, (k, 1) Thermanox®, (m, n) 
Thermanox®, OC staining only. Yellow arrows indicate one location per image where 
OC expression is seen. 

Figure 10.29 shows that PLG had very few cells at 14 days; a red shadow 

around the cells in the shape of the cell (as seen in Section 10.5.5) suggests some OC 

expression. PLGC had a moderate quantity of cells at 14 days, which appeared to 

express OC. PLGH had a variable quantity of cells at 14 days; background 

fluorescence by the material was high, but some OC expression was observed. Focus 
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on the surface of PLG4B specimens over the entire field of view was difficult due to 

the variable height of the samples because of sample swelling and cracking. After 14 

days the PLG4B samples had few cells with little OC. PLGIB appeared to have many 

cells at 14 days; no OC stain was visible due to background fluorescence. 

Thermanox®, as expected was confluent at 14 days. It was not possible to see the OC 

stain as well as the nuclei because the nuclei obscured the image, therefore Figures 

10.29 (m) and (n) show only OC stain, the patterns suggest that the cells expressed 

OC because they are a similar shape to that seen for the cells earlier in this chapter 

and because the surface of the Thermanox® was otherwise essentially flat and 

therefore the pattern could only arise from the cells. Previous work by Miss Olga 

Tsigkou (Materials Dept., Imperial College London, unpubUshed data) showed that 

Thermanox® without cells did not stain. 

10.6 Discussion 

This chapter has investigated the cellular response to PLG and composites 

with a positive control material, Thermanox®. First the surface of the materials was 

characterised in terms of surface roughness and hydrophilicity after sterilisation; then 

the effects of preconditioning samples in media prior to cell culture were assessed; 

and then the response of MG63 osteosarcoma cells to preconditioned samples in terms 

of cellular attachment, proliferation, and alkaline phosphatase and osteocalcin 

expression was recorded. 

Preconditioning the samples for 48 h in media was found to increase the 

number of cells on the composite samples, and to increase the degree of spreading of 

the cells. This was thought to be due to the prior adsorption of proteins from the 

media and the washing of the sample surface, rather than formation of a CaP layer 

which was not present / unclear for PLGC, PLGH and PLGIB despite the filler 

particles being exposed on the composite surface; or the CaP layer may have formed 

after a slightly longer immersion period than 48 h, but less than 72 h (48 h prior 

immersion and 24 h culture) when the cell numbers were counted. The formation of a 

CaP layer in vitro between 1 and 3 days has been reported previously. Kasuga et al. 

[125] found an apatite layer on PLLA / calcium carbonate (vaterite) (> 20 wt%) 

composites immersed in SBF after 1 day (this was not found for 10 wt% vaterite as it 

was embedded in the matrix and therefore unable to dissolve). Shikinami and Okuno 
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[13] found apatite crystals on PLLA / unsintered and uncalcined HA (which is more 

reactive than sintered HA) composites after 3 days in SBF due to exposure of the HA. 

Blaker et al. [195] found HA layer formation on PDLLA-45S5 Bioglass® foams after 

3 days immersion in SBF, with limited formation on PDLLA following immersion. 

Yao et al. [207] also suggested the formation of a CaP layer on PDLGA/45S5 BG 

composites after 1-3 days in tris buffered electrolyte solution. This data suggests that 

although a clear CaP layer was not seen for PLGC, PLGH and PLGIB, it may have 

formed after 48 h. 

Cell attachment was shown to be higher for the composites than Thermanox®, 

with no significant difference between PLG and the composites except that cell 

attachment for PLG4B was lower than PLG after 6 h. This difference in attachment 

may therefore be due to the surface roughness rather than any enhanced bioactivity in 

the composites, because cell attachment for the composites was similar to PLG which 

had no bioactive filler. Thermanox® was considered smooth and the other materials 

were found to have sub-micron roughness in Section 10.4; Section 10.1 described 

how osteoblast-like cells showed a higher degree of attachment with sub-micron 

roughness in comparison with a smooth surface, thus supporting these results. A 

rougher surface would have an increased surface area for cell attachment. The degree 

of cell attachment appeared to reach a peak at 1 h, after this cell number either 

plateaued or reduced. This is supported by Clover and Gowen [188] who found 

maximal cellular adhesion to extracellular matrix proteins after 2 hours. Although the 

test method did not indicate whether cells were alive or dead, the data could be 

explained in terms of surface roughness differences and the spread morphology of the 

cells suggested they were alive. Proliferation data after 1 day supported the 

attachment study findings in that PLG, PLGC and PLGIB had greater proliferation 

than PLG4B; Thermanox® was different in that proliferation was much higher, but 

this might have been because the cells had grown much faster on this material 

between the 6 h attachment study and the 24 h proliferation study. 

The degree of cell proliferation was primarily assessed via an MTS assay for a 

culture period of 1 to 14 days. Results showed that the number of cells growing on 

Thermanox® was higher than all other materials and increased over the culture period. 

The number of cells on PLGC samples at 14 days was also high, whereas for PLG4B 

the number was low for all time periods. Cell numbers on PLG, PLGH and PLGIB 

reduced over the culture period and were neghgible at 14 days. This reduction in cell 
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number was corroborated by the preconditioning study in Section 10.5.2 which found 

(from counting DAPI-stained nuclei) that cell number reduced between 1 and 7 days 

culture for PLG, PLG4B and PLGIB; morphological studies in Section 10.5.5 

suggested that cell number increased on Thermanox® samples and reduced on PLG4B 

samples between 1 and 7 days; and OC studies in Section 10.5.6 showed a low cell 

number for PLG and PLG4B and a highly variable cell number for PLGH at 14 days 

culture. These results show that the cells were behaving as expected in terms of their 

response to the positive control Thermanox®, and therefore it is expected that their 

response to the other materials can be considered typical. PLGC appears to be 

conducive to cell growth, PLGH seems to have a highly variable response - the MTS 

assay suggested a reduction in cell number whereas OC studies showed that the 

response was very variable (although the DAPI-stained nuclei in the OC study may 

not have been alive). Cells on PLG seemed to reduce in number over the culture 

period, on PLGIB they either reduced in number or had a rounded morphology which 

may not have been alive, and were low at all times for PLG4B. The reasons for this 

lack of proliferation (extreme pH values, changes in surface topography and lack of 

biocompatibility of PLG) were examined in Section 10.5.2. No extreme change in pH 

of the media was measured but there may have been a localised extreme pH at some 

locations on the material surface, such as in the cracks of the PLG4B samples, 

however this would not necessarily explain the cellular response to PLG which had no 

basic filler. The surface topography of PLG4B and PLGIB has been seen to change 

due to swelling and some surface cracking for PLGIB and especially PLG4B in 

Section 10.5.5, Figure 9.1 and Figure 9.6. This would be detrimental to cell growth as 

the cells could not attach to the material surface, but does not explain the reduction in 

cell number on PLG samples. It may be that impurities in the PLG caused the 

reduction, and the CaCOs and HA masked this issue for PLGC and PLGH. Other 

unpublished work in the Materials Department, Imperial College London, has found a 

reduction in cell number over time with some polymers. Some of the variation in 

results within materials may be a result of different degrees of absorption of the media 

pigment between samples of the same material, especially for PLG4B. This absorbed 

pink-coloured media might leach into the MTS solution (despite washing samples 

gently in pre-warmed clear media prior to commencing the assay) and affect the 

results. Even though a control (material with no cells) sample was used to calibrate 

results, there was variation in the optical density of its MTS solution over the time 
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periods, some samples absorbed more than others. The wavelength of red light is 

approximately 680 nm [208], the MTS assay absorbance was measured at 492 nm, 

some discolouration from the media or from absorbance of the MTS solution by the 

sample may have affected the measured optical density. Different pHs can affect the 

accuracy of MTS results, but previous data suggested that pH was similar for the 

materials. Some of the serum proteins in the media (FBS) may have reacted with the 

MTS solution and affected the results, but the data was corroborated by the results 

from the morphological and OC studies. 

The reduction in cell number over time on the PLG, PLGH and PLGIB 

samples and the poor response to PLG4B contrasts with studies in the literature, 

frivestigations such as those by Rizzi et al. [209], Marra et al. [113] and Ma et al. 

[210] found that composites of PLLA or PDLGA/PCL with HA supported bone cell 

growth over periods of 1 day to 8 weeks and in the majority of studies the composite 

was more favourable than the polymer alone. 45 S 5 BG alone [211] and with PDLGA 

[4] was found to have a greater number of cells than Thermanox® over 7 to 14 days, 

and the composite had a greater cell number than the polymer. However, Athanasiou 

et al. [51] noted that a degree of cell inhibition in proliferation studies has been found 

by researchers for some polylactides. 

Cell morphology was primarily assessed by SEM which found that cells were 

most spread on Thermanox®, cells on PLGC and PLGH had a similar morphology 

which was more spread than those on PLG, and cells on PLGIB and PLG4B were 

quite rounded and disappeared from PLG4B at the 7 day culture period. These results 

were supported by the preconditioning study in Section 10.5.2 (cells on PLG4B at 7 

days were present but few in number) and the OC study in Section 10.5.6. The 

attachment study in Section 10.5.3 showed cells to begin spreading on the materials 

after 3 h; cells on Thermanox® were more spread than on the other materials after 6 h. 

The lack of cells on PLG4B samples at 7 days as seen via SEM might have been due 

to insufficient fixing prior to visualisation, but this is unlikely because the other 

materials had cells attached and the results are corroborated by the other experiments. 

The greater degree of cell spreading on Thermanox® samples is likely because cells 

have been found to spread better on smooth surfaces [212,213]. 

The results of the ALP assay to describe differentiation showed that only 

Thermanox® produced any significant quantity of ALP, which peaked at 7 days and 

reduced at 14 days, this corresponds to the findings that ALP is an indicator of the 
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early stages of differentiation [200,214], The detection of ALP in the Thermanox® 

samples suggests that the protocols used were correct, unless cells on the other 

materials were attached less strongly and were washed off; however proliferation 

studies showed that the number of cells on the other samples were lower than 

Thermanox®, even PLGC which had the greatest number of cells after the positive 

control material. Although the ALP results were normalised with respect to the 

quantity of protein (i.e. cells), a small quantity of cells would only produce a small 

amount of ALP, the absorbance of which would therefore be more difficult to read 

accurately and may be below the detection limits of the apparatus used. The high 

degree of error in the bioactive glass composites may be attributed to absorbance of 

the ALP solution or media by the material, which would affect the absorbance 

properties when read by the plate reader. 

Differentiation was also assessed in a qualitative manner by observing the 

expression of OC at 14 days. 14 days was chosen as OC is a late stage marker of the 

osteoblastic phenotype and was seen to be maximally expressed at this time 

[200,215]. OC was expressed in PLC, PLGC, PLGH, some PLG4B samples and 

Thermanox®. It was not possible to detect OC for PLGIB due to high background 

fluorescence. The background fluorescence present for the OC samples may have 

been because the fluorescent secondary antibody can bind to areas other than the 

primary antibody, this effect can be reduced by pre-treating the samples - before 

adding the primary antibody - with a serum for the animal that the secondary antibody 

was raised in (this will bind to all immunoglobulins on the sample), as 

immunoglobulins from the same species do not interact [206] and the secondary 

antibody would then bind only to the primary antibody. Only bovine serum albumin 

was used as the normal serum in this study. Also, the dilutions of primary and 

secondary antibodies were taken from those optimised by Miss O. Tsigkou's protocol 

(Materials Dept., Imperial College London) due to material limitations, therefore they 

were not optimised for the materials and cells of this study and this may have caused a 

higher degree of background fluorescence. 

The results therefore suggest that Thermanox® had a high degree of 

differentiation with ALP at 7 days and OC at 14 days. The other materials may have 

expressed a detectable level of ALP if more cells had been present, but in this study 

no ALP expression was recorded. However, OC was seen for all samples (except 
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PLGIB), which suggests that the cells were differentiating and were of osteoblastic 

phenotype. 

10.7 Summary 

In summary, all cell culture experiments showed that Thermanox® was highly 

favourable for MG63 osteosarcoma cell growth in terms of proliferation and 

differentiation. This was expected because it was the positive control material with a 

surface conducive to cell culture. PLG was not expected to be as bioactive as the 

composite materials. Proliferation studies suggested that the number of cells reduced 

over time, cell morphology was not as spread as on some of the composites, no ALP 

was found, but there was OC production for the few cells visible. Despite its 

hydrophilic nature, results for PLG4B were poor; the cells appeared to be rounded on 

the material surface and there was low cell attachment, proliferation and 

differentiation. PLGIB had a similar degree of cell attachment to PLG and cells 

seemed to reduce over time rather than proliferate in proliferation studies; cell 

morphology was rounded, there was negligible ALP production, and OC could not be 

identified due to background fluorescence. Cell attachment for PLGH composites 

was similar to PLG, proliferation appeared to reduce over time, morphological studies 

showed a similar cell shape to PLGC, and ALP production was negligible but OC was 

expressed; results were quite variable. Despite a more hydrophobic nature, some 

PLGC samples seemed to be very favourable for cell attachment and proliferation; 

cells had a well-spread morphology indicating that the surface was favourable for the 

cells; ALP did not seem to be expressed but OC was expressed at 14 days. 

The poor results for PLG, PLG4B and PLGIB may be due to impurities in the 

polymer, low bio activity of PLG alone, and localised extremes of pH and/or changes 

in surface topography for the bioactive glass composites. 

From these studies, the results suggest that PLGC may be the most suitable of 

the composite materials for MG63 osteosarcoma cell growth with cells attaching, 

spreading, proliferating, and expressing OC suggesting that they maintain their 

osteoblastic phenotype. However, the variability in some of the results suggests that 

repetition and modification of several of these experiments might be appropriate in 

any future study. This will be discussed further in Section 13.3. 
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11. SCAFFOLD FABRICATION PROCESSES 

This chapter introduces the need for a scaffold as opposed to a bulk material 

for the regeneration of bone. Criteria for the ideal scaffold will be presented, along 

with an introduction to scaffold fabrication processes. The chapter will conclude by 

describing the selective laser sintering rapid prototyping process in more detail. 

11.1 Why is a scaffold necessary? 

A scaffold is beneficial over a bulk material because it enables the bone to 

grow into the implanted device or it can be pre-seeded with cells to speed up the 

regeneration process. It also supports the regenerating tissue and acts to guide the 

geometry of the newly forming bone, behaving as a temporary substrate for anchorage 

dependent osteoblasts. The ideal scaffold and matrix material for the tissue 

engineering of bone has not yet been developed [5,216]. 

The ideal scaffold should [5,47]: 

1. be biocompatible and bioresorbable, the degradation / resorption rate should 

match tissue growth. 

2. be three-dimensional and highly porous with the pores being interconnected so 

that cells, nutrients and metabolic waste may travel to and from the centre of 

the scaffold and so that vascularisation of the scaffold may occur. 

3. have a surface upon which cells will attach, differentiate and proliferate. 

4. have mechanical properties that match those at the implant site to allow 

regeneration of bone in load bearing sites, and degrade in a manner that 

provides support to the new tissue until it is capable of supporting itself. 

5. have a mechanically stable fixation to the host tissue. 

6. be easily sterilised and have a long shelf hfe. 

7. be capable of being manufactured accurately on a large scale, possibly to fit 

odd-shaped defects. 

Several of the requirements for tissue engineering scaffolds are complex and 

not frilly understood [32]. Some of the points above are elaborated upon in the 

following paragraph. 
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High porosity of inter-connected pores is required for the diffusion of 

nutrients, waste and for vascularisation; however this should be balanced against the 

reduction in mechanical properties which occurs with an increase in porosity. The 

optimum pore size is 40-100 |j,m for osteoid ingrowth [217] and 150-800 jam for bone 

regeneration [218]. Vascular tissue does not appear if pores are less than 100-150 p,m 

diameter [79], therefore this minimum pore size is required for the scaffold to be 

viable because cells more than approximately 200 pm from a blood supply are either 

metabolically inactive or necrotic because of the low oxygen tension [219]. Micro-

motion may damage the blood supply if pores are small. It is necessary to consider 

the changes in pore structure that may occur in vivo, as over time the pores may get 

blocked e.g. by fibrous tissue ingrowth. A large surface area to volume ratio favours 

cell attachment and growth [32], but once again this must be balanced against the 

scaffold mechanical properties. The shape and tortuosity of the pores will affect 

growth. Local material stiffness may affect the mechanical tension generated by a 

cell's cytoskeleton, which can control cell shape and therefore function [220] - rigid 

surfaces may cause the cytoskeleton to induce cell spreading and division [221]. 

In order to determine optimum scaffold parameters it is crucial that the 

parameters can be controlled and reproduced reliably [5,222]. Ideally, a fabrication 

process that is high throughput and automated where the variables can be defined and 

controlled is desired [223]. 

Current polymeric orthopaedic fixation devices are usually made by injection 

moulding or extrusion [224], but these processes do not lend themselves to the 

fabrication of porous scaffolds. Tissue engineering scaffolds have been fabricated in 

past literature by traditional methods as covered in comprehensive reviews by 

Hutmacher [5], Yang et al. [32] and Thomson et al. [225]. Traditionally fabricated 

scaffolds lack mechanical properties, some use potentially harmful solvents, and pore-

interconnectivity is not guaranteed [32]. Rapid prototyping methods have been 

investigated as an alternative to traditional methods for scaffold fabrication. 

11.2 Rapid prototyping (RP) methods 

Otherwise known as Solid Freeform Fabrication (SFF), RP methods are 

described in numerous reviews [5,216,226-230]. RP facilitates the production of 
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complex products rapidly, directly from a computer model. It takes a computer model 

from a Computer Aided Design (CAD) drawing or x-ray computed tomography (CT)/ 

magnetic resonance imaging (MRI) data and slices it into thin cross-sections. The 

physical model is built by creating successive layers from these cross-sections. The 

method of creating the layers depends on the RP process used; these methods will be 

described below. The main application for RP in medicine currently is for surgical 

planning, using the patient's CT data to create a computer model, and then building 

this layer-by-layer using one of the methods detailed below. Examples of applications 

for RP in medicine currently include: models of fractured bones [231], custom 

titanium orbital implants [226] and radiotherapy facemasks [232]. 

RP enables custom design of parts and has the potential to control 

micro structure and overall implant shape with the possibility of creating a variable 

scaffold morphology for use at tissue interfaces e.g. cartilage-bone interfaces. The 

limitations of RP are the resolutions that may be achieved, and the restricted material 

range that may be used, as shown in Table 11.1. The majority of materials currently 

used in RP are neither biocompatible nor biodegradable. The pre-processing of e.g. 

filaments for FDM and micro-powders for 3DP and SLS are services which are not 

commercially available at present, the chemical and mechanical properties of the 

materials can change in pre-processing. 

A comparison of the advantages and disadvantages of the major RP 

technologies currently in use is presented in Table 11.1. 

Process 
Build 
resolution 
|mm] 

Build 
accuracy 
[mm] 

Advantages Disadvantages 

SLA/MicroTEC Relatively easy to remove support material 
Relatively easy to achieve small feature sizes 

Limited material choice 

FDM 0.05 ±0.127 No trapped materials 
Complete pore interconnectivity 
Relatively high compressive strengths 
Solvent free 

Need to evaluate the use of materials other than the few 
currently in use (e.g. ABS, polyamide) 
Relatively regular structure 
Pre-processing (filament fabrication) is required 
Anisotropy in the z direction compared to x and y 
Possibly high heat effect on material 
Support structures may be required 

MMII Easy to achieve approximately 100 pm or less 
scaffold feature 

High heat effect on raw materials 
Difficult to change the material without the 
manufacturer's co-operation 

3DP 0.1 ±0 .02 Process takes place at room temperature (therefore 
could include biological agents if non-toxic binders 
were used) 
More materials choice 

Aliphatic polyesters can only be dissolved in very toxic 
solvents e.g. chloroform, methylene chloride, etc. 
Pre-processing (powder manufacture) is required 
Mechanical properties and specimen accuracy need 
improvement 
Trapped powder is difficult to remove 

SLS 0.076 ±0 .25 Relatively high part strength 
More material choice 
Solvent free 

Trapped material is difficult to remove 
Pre-processing (powder manufacture) is required 
Biodegradable polymer may degrade in the build 
chamber 

Table 11.1: Comparison of RP technologies. Based on [5,226,227,229]. 
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Indirect RP is the use of the RP model as a mould for the final part. This 

enables a wider range of materials to be used. Indirect RP facilitates processing using 

ceramic slurry, polymer melt and polymer solvent scaffold casting. The drawback of 

indirect RP is that more time is required in the production process [233]. 

Some of the more common RP methods are presented in greater detail below. 

11.2.1 Liquid-based processes 

Stereolithography (SLA) systems are available commercially fi-om 3D 

Systems Inc, CA, USA. In SLA an ultra-violet wavelength laser beam is traced across 

a vat of photocurable resin in the desired cross-section of the part in order to cure a 

layer of the resin. The layer is wiped flat and the build platform is lowered in the vat 

of resin. The process is repeated for subsequent layers until the model is complete. 

Some post-processing including additional curing may be required. Common laser 

spot size for SLA, which impacts upon the part resolution, is 250 p.m diameter (this is 

70 /xm on some machines) and the maximum product build volume is currently 

limited to 508 x 508 x 600 mm [234]. 

New developments have reduced the spot size, e.g. Rapid Micro Product 

Development (RPMD) from microTEC (www.microtec-d.com) uses a similar method 

to SLA but allows 1 jim thick layers in the build direction and a resolution finer than 

10 p,m. Typical materials include acrylics and epoxies [226]. 

The use of material in this process is restricted, in that a photopolymerisable 

material is required for SLA. Investigations utilising poly(propylene fumarate) (PPF) 

based materials have shown that SLA is a potential fabrication route for this material 

[218,235], as shown in Figure 11.1. Scaffolds with porosities of 57-75 % and pore 

sizes 300-500 and 600-800 /xm were created, however a mild tissue response was 

observed in a rabbit model at 8 weeks and bone ingrowth into the scaffolds in a rabbit 

cranial defect was <3 % of the defect area. Scaffolds were also fabricated using PPF 

with /3-TCP [236] in a method that used a combination of a traditional fabrication 

process and an SLA-based process to produce a structure with solid top and bottom 

layers and a porous interior. Calcium polyphosphate ceramic particles suspended in a 

photo-curable resin have been investigated in SLA [237], with the cured material 

being sintered to leave the ceramic shape which had a porosity of 23-28 %. Attempts 
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have also been made to fabricate scaffolds via indirect SLA, where an HA suspension 

was added to a prefabricated SLA mould which was then pyrolysed and sintered to 

leave an HA construct [238,239], scaffolds with controlled architecture and porosity 

of 40 %, pore size 330-470 ju.m, compressive strength 30 MP a, compressive modulus 

1.4 GPa, with 23-45 % average bone ingrowth over 9 weeks in a Yucatan minipig 

model, were produced and results showed that different architectures affected the 

pattern of bone ingrowth. Indirect SLA has also been used to fabricate a custom-

made Ti6A14V human mandible substitute which was used clinically [240]. 

V * 

(a) 00 
Figure 11.1: PPF prototype model created using SLA by Cooke et al. [218]. (a) 
Image of the prototype (50 mm diameter, 4 mm thickness), (b) PPF model. 

11.2.2 Solid-based processes 

Fused deposition modelling (FDM) is commercially available from Stratasys 

Inc., MN, USA. FDM uses a filament of thennoplastic which is passed tlirough a 

heated section and extruded from a nozzle with the filament itself acting as a piston to 

facilitate the extrusion. The cross-sectional geometry of the part to be built is traced 

by the nozzle onto a build platform; subsequent layers are built up until the part is 

complete. Support material for overhanging geometries is extruded by a companion 

nozzle and may be removed by physical or chemical means. 

Current commercial build materials for FDM include ABS, polycarbonate and 

polyamide. A support structure is not required in FDM process when creating small 

voids of dimensions 100-500 /xm as the filament can support itself over these 

distances [226], layer thickness can be varied from 0.025-1 mm [216]. Landers et al. 

[241] commented that past attempts to use FDM for processing of PLA and PLGA 

have failed due to the processing window being too narrow and that conventional 

FDM does not tolerate filler addition. 
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FDM has been used for apphcations such as surgical planning [231], external 

prostheses [242] and as a radiotherapy aid [232]. FDM has also been used to create 

porous scaffolds with polypropylene and TCP [243] and with HDPE [227], neither of 

these two polymers are resorbable. The only investigations, to the author's best 

knowledge, into FDM with resorbable polymers has been carried out at the National 

University of Singapore where scaffolds of PCL, PCL/10 wt% HA and PCL/20 % 

TCP have been manufactured [71,216,244-246]. The PCL scaffolds were produced 

with different filament layouts (one layout is shown in Figure 11.2) and had porosities 

of 48-77 %, pore sizes of 160-700 /xm, maximum compressive modulus 0.08 GPa, 

maximum compressive yield stress 3.6 MP a, scaffolds were filled with cellular tissue 

after 3-4 weeks culture with primary human fibroblasts and periosteal cells, and 

coculture with osteogenic and chondrogenic cells was also successful. 

Figure 11.2: Plan view of freeze-fractured surface of PCL scaffold fabricated via 
FDM. 0/60/120° lay-down pattern, 61 % porous [245]. 

Variations based upon the FDM fabrication technique have been used to create 

biomaterials scaffolds [247-255], Landers and Miilhaupt [255] used a technique 

involving the air driven dispersion of a liquid medium (e.g. hot melts or resin and 

hardener) to create dots or strands with a resolution of approximately 200 fim. They 

noted that FDM would likely be better than this method for high molecular weight 

polymers because a high temperature is required for processing them which would 

result in degradation in the barrel whereas in FDM exposure to the high temperature is 

for a shorter duration. Xiong et al. [251] used a similar system to this to heat PLLA in 

a barrel and extrude using compressed air. The heating and building process took 

place at 160 °C and took approximately 1 hour, after which the molecular weight was 

reduced to approximately 6 % of the original weight of 374 000. The resulting 

scaffold had a porosity and pore size of approximately 60 % and 500 /xm, 

respectively. Vozzi et al. [248-250] used a solvent-based microsyringe system to 
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create scaffolds by adding solvent to the polymer and extruding with the syringe. 

85/15 PDLLGA and combinations of PCL and PLLA were used in this process with a 

micro-positioning system of resolution 0.1 jitm to create structures with a filament 

diameter of 10-600 /im. Xiong et al. [252] and Yan et al. [253,254] extruded 

scaffolds of PLLA and TCP by using a solvent to create a liquid system, extruding the 

scaffold which was then frozen and the solvent was removed by a freeze drying 

process. This resulted in a scaffold with macro-pores of 400 /xm, micro-pores (from 

solvent removal) of approximately 5 [xm and a porosity of approximately 90 %. 

Indirect FDM has been used to obtain mullite and alumina ceramic scaffolds 

from FDM moulds [256,257]. Conventional FDM scaffolds were infiltrated with 

ceramic, the system was then dried and heated to remove the polymer and sinter the 

ceramic scaffold which had a pore size of 150-800 jtxm and porosity of 20-70 %. 

Direct FDM fabrication of ceramic scaffolds such as mullite or silica has also been 

carried out using a polypropylene polymer binder which was removed by heat prior to 

sintering the ceramic scaffold [258]. 

Another type of solid-based RP system is Solidscape's (formerly Sanders) 

ModelMaker II (MMII, Solidscape Inc., New Hampshire, USA). In the MMII 

process, the build material (thermoplastic) is deposited by an ink-jet print head in a 

pattern that describes the cross-section of the model. The compound solidifies on 

cooling, overlap of the droplets causes them to join together. Each layer is levelled 

with a rotary cutter to ensure dimensional control in the build direction. The layers 

are built up until the model is complete. Support material (wax) for overhanging 

geometries is printed with a separate print head as required; it is dissolved with a 

commercial solvent when it is removed. MMII is has an easier post-processing stage 

than powder-based systems in terms of trapped material removal as the support 

material is removed with a solvent. 

The MMII produces high precision models; an accuracy of 0.025 mm per mm 

in all three axes may be achieved with a surface finish of 0.8-1.6 /im (rms). A layer 

thickness of 0.013-0.076 mm is possible within a build volume of approximately 305 

x 152 X 214 mm [234]. 

The materials range with MMII is limited to those materials commercially 

available, therefore all literature relating to scaffolds for tissue engineering and 

orthopaedics fabricated using this method has detailed an indirect manufacturing 
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route. Taboas et al. [233] used wax and polysulphonamide in a MMII to create 

moulds for HA, PLA, PGA and composite scaffolds. Minimum feature size in the 

wax moulds was 107 fivn, macro-pores were made in the scaffolds of 500-800 /xm and 

micro-pores were made using a salt leaching method. The polymer scaffolds were 

made by melt or solvent casting, and the ceramic scaffolds by slurry casting. 

Manufacturing time was increased because of the extra processing steps caused by the 

indirect manufacturing process. Nambiar et al. [259] created HA scaffolds by slurry 

casting into a wax mould created by a MMII, drying and heating to remove the binder 

and sinter the HA. Some cracks and internal cavities were apparent in the resulting 

structure, which had feature sizes 0.25-0.7 mm. Hollister et al. [222] created HA 

scaffolds in the same manner; as did Wilson et al. [260] who built scaffolds with 

approximately 52 % porosity and pore sizes of 280-394 /xm. The scaffolds were 

seeded with goat bone marrow stromal cells and then implanted in mice. Some bone 

bridging of the pores was observed after 6 weeks and the area % bone in the pores 

was approximately 6 %. Sachlos et al. [261] added a dispersion of collagen to a 

MMII mould, froze it, removed the mould with ethanol and then critically point dried 

the structure to remove the ethanol and produce a collagen scaffold, as shown in 

Figure 11.3. Further tests were needed to assess the biocompatibility of any residual 

mould material. Using the MMII, shafts (used in the mould to create chamiels in the 

final scaffold) 100-800 /xm wide were attempted and it was found that shafts 200-400 

pim wide could be fabricated relatively accurately [261]. 

600 J. 
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Figure 11.3: Scaffold with designed porosity created using indirect RP with MMII by 
Sachlos et al. [261]. (a) Channel design (dimensions in /xm), (b) MMII mould, (c) 
collagen scaffold. 
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11.2.3 Powder-based processes 

Three-dimensional printing (3DP) is available from Z Corporation (MA, USA) 

and as TheriForm™ from Massachusetts Institute of Technology. In 3DP, powdered 

particles of the material to be used are placed in a layer in the build volume. An Inkjet 

print head is then used to print a solvent binder material onto the particles in a pattern 

that describes the cross-section to be built. Another layer of particles is added and the 

print head details the next cross-section, the surrounding particles support any 

overhanging geometry. The process is repeated until the model is complete. After the 

binder has dried, the model is extracted ft-om the build chamber and unbound powder 

is removed. The model can be infiltrated with substances such as wax to improve part 

strength. 

Commercially available build materials include starch and plaster 

formulations. A layer thickness of 0.076-0.254 mm can be used and the maximum 

build volume is 500 x 600 x 400 mm [234]. A wide variety of materials may be used 

in powder form. The solvents used in the binder material can be harmful and are 

difficult to remove completely. Excess powder in small channels is difficult to 

remove. 

Extensive research into scaffold fabrication via 3DP has been carried out at 

Massachusetts Institute of Technology, MA, USA [223,224,262-268]. Polyethylene 

oxide and PCL were examined as drug delivery devices [262] and dense samples of 

PLLA, created using chloroform as the binder, were found to have a maximum tensile 

modulus and strength of 0.6 GPa and 16 MP a, respectively [224]. 85/15, 90/10 and 

95/5 PLGA scaffolds were created [263-265] with chloroform as the binder. A 100-

200 jum layer thickness was used and macro-pores of 800 /xm were created by 3DP in 

some samples and micro-pores of 45-250 /xm by a salt leaching process. Rat 

hepatocytes were grown on 60 % porous 85/15 PLGA scaffolds and were found to 

attach and survive over 2 days culture [264]. A scaffold for both cartilage and bone 

was created by Sherwood et al. [266], as shown in Figure 11.4 with the cartilage-

specific part made of 90 % porous PDLLGA/PLLA with pores >106 [xm and channels 

250 /xm, and the bone-specific part 55 % porous PLLGA/TCP with pores >125 [xm. A 

gradient of materials was present between the two parts to prevent delamination; the 

pores were created using NaCl particles. Chondrocytes preferred the cartilage-

specific region and cartilage was formed over 6 weeks in vitro. The tensile strength 
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of the bone region approximated that of cancellous human bone. Curodeau et al. 

[267] used alumina powder with a silica binder in 3DP to create a ceramic mould to 

cast a Co-Cr alloy for orthopaedic implant applications. The minimum feature size 

obtained was 350 x 350 x 175 [xm with 30-70 % overall porosity. Cima et al. [268] 

detailed a slurry-based 3DP to create ceramic scaffolds where the minimum feature 

size was reduced from 300 fim to <150 jim. 
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Figure 11.4: Osteochondral scaffold created by 3DP by Sherwood et al. [266]. 
Porosity created by a salt leaching technique. 

Other groups have also investigated the use of 3DP, including Rutgers 

University, NJ, USA [269-271] who examined HA (polyacrylic acid, glycerine and 

purified water were the binders), PLGA-20 % TCP (chloroform was the binder), and 

poly(DTE carbonate) scaffolds. The HA and PLGA-20 % TCP scaffolds had micro-

porosity created by NaCl particles, and some samples had chaimels 1.0-1.6 mm in 

size. Bone ingrowth in a rabbit model after 8 weeks was found to be better for HA 

scaffolds and better for scaffolds with channels. Lam et al. [272] created scaffolds 

from cornstarch, dextran and gelatine, with distilled water as the binder. Some 

samples had 2.5 mm pores. Scaffolds were dried and infiltrated with PLLA and PCL 

which resulted in a micro-porosity of 34-55 %. Maximum compressive modulus and 

yield strength was 0.06 GPa and 1.8 MP a, respectively. Chiang et al. [273] created 

dense inter-vertebral implants for spine fusions and anatomical models for surgical 

planning using 50/50 titanium and HA powders with a commercial binder. A layer 

thickness of 0.089-0.254 mm was used with accuracies of >1 %. The parts were 

infiltrated with molten wax and polymer resin after the 3DP process to increase their 

strength and they were then sintered via hot iso-static pressing. 
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Selective laser sintering (SLS) is commercially available from 3D Systems 

Corporation, CA, USA and a similar technology, EOSINT, is available from EOS 

GmbH, Krailling, Germany. In SLS, particles of the desired material are warmed in 

an inert atmosphere on a build platform. A CO2 laser is used to heat the material to 

the point of melting to fuse it together. The laser traces the desired cross-section for 

the layer. Once the layer has been completed, powder supply chambers either side of 

the build platform are raised and the build platform is lowered. A roller supplies 

another layer of material to the build platform from the supply chambers, the laser 

sinters the next cross-section, and the process is repeated until the build sequence is 

completed. Overhanging geometry is supported by the loose powder surrounding the 

part. 

Polycarbonate, nylon and metal are examples of materials currently used in 

SLS. The glass transition and melting temperatures of the material used in the SLS 

process cannot be too high otherwise fusion cannot occur due to power limitations of 

the machine. The Vanguard™ si2™ SLS® has a laser spot size of 0.47 mm, xy 

resolution of 0.178 mm, build envelope of 370 x 320 x 445 mm and a minimum layer 

thickness of 0.076 mm [234]. The older version of the SLS machine, the DTM Laser 

Sinterstation 2500, also has a beam diameter of approximately 400 p,m which limits 

the part resolution [226]. The rough surface resulting from the sintered particles 

makes the removal of trapped powder difficult and some unwanted bonding may be 

present - new process developments may solve these issues [226]. 

Calcium phosphate (CaP) ceramic scaffolds have been fabricated [274,275] by 

coating the ceramic particles with a latex-based polymer binder. The binder was 

sintered in the SLS process to form a green part which was infiltrated with an aqueous 

CaP solution, dried and fired to remove the binder and sinter the porous ceramic. This 

yielded a specimen with 51-56 % porosity, average pore size 39 jum and maximum 

shrinkage of 3.6 % in the build plane and 2.0 % in the remaining two axes. 

Compressive Young's modulus and strength were 0.23 GPa and 48.3 MP a, 

respectively. Specimens with 2 mm macro-pores were implanted in a canine model 

for 4-12 months where a high degree of bone ingrowth, biocompatibility and a direct 

bond to bone were observed. 

Nylon has been investigated in SLS for surgical planning [276], it was 

concluded that the models produced in the process were sufficiently accurate for use 
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in this manner. Examination of polyamide in SLS to create drug deUvery devices has 

been carried out [277,278] where inter-particle pores following sintering were found 

to be 20-60 ju,m. Nylon scaffolds with 800 /xm channels and 1200 [xm struts were 

implanted in a Yucatan minipig model and pore occupation by bone was found to be 

43 % after 6 weeks [279]. The bio-inert polymer polyetheretherketone (PEEK) has 

been successfully sintered with 10-40 wt% HA to form a composite [227,280] as 

shown in Figure 11.5a; but as yet little literature has been discovered relating to SLS 

for resorbable polymers or composites. Chua et al. [281] sintered polyvinyl alcohol 

mixed with 10-30 wt% HA in a study to develop tissue scaffolds. Williams et al. 

[282] have assessed a bioresorbable polymer, PCL, via SLS (see Figure 11.5b). Layer 

thickness was 100 jUm and pores were designed to be 1.75-2 mm with porosity 0-79 

%, the measured porosity was 18-55 % due to porosity in the bulk sample from the 

sintering process and some unretrieved powder in the pores. This yielded 

compressive Young's modulus and strength values of 0.52 - 0.67 GPa and 2.0 - 3.2 

MPa, respectively, i.e. within the lower range of human cancellous bone. The 

scaffolds were seeded with infected human gingival fibroblasts and implanted in a 

mouse model for 4 weeks, after which 5.02 mm^ bone was found to have formed 

either on or within the scaffold which had an initial volume of 99.5 mm^. Tan et al. 

[283] examined the sintering of some of the aforementioned materials, they also 

successfully sintered PLLA but no further details such as material thermal degradation 

were assessed. 

(a) (b) 

Figure 11.5: Biopolymers sintered using SLS. (a) Sintered PEEK-10 wt% HA (circles 
indicate HA) [280], (b) PCL scaffold created by SLS, pore size 1.75 mm in all 
dimensions [282]. 

A modified process called surface SLS (SSLS) is currently being investigated 

[284,285] which was used to sinter poly(DL-lactide) using a tiny quantity (<0.1 wt%) 
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of carbon microparticles mixed with the polymer particles which had mean particle 

size of approximately 200 /xm. A layer thickness of 200 jxm was used. The carbon 

was heated by the CW diode laser of the experimental SLS machine (with near-

injfrared radiation of wavelength 0.97 jum which is not absorbed by the polymer, in 

conventional SLS the polymer absorbs infrared radiation of wavelength 10.6 jitm) 

which had a spot size of 80-200 jitm, this caused localised heating of the polymer 

surface; thus it was the surface and not the whole particle which was melted in an 

attempt to reduce thermal degradation of the polymer. Scaffolds were produced with 

a gap between the struts of 500 /xm, with little degradation except at high laser 

intensities, and with a spatial resolution of approximately 200 fim. Composite 

scaffolds containing < 3 0 wt% HA were also produced. The technique reduced the 

effects of processing on delicate biologically active species (e.g. enzymes) carried 

within the polymer particles as only the surface and not the whole particle was heated. 

Although it has been stated that SLS may not be suitable for processing many 

biodegradable materials due to excessive degradation at the high temperatures 

involved [241], no actual data to substantiate this claim has been found to date. 

11.3 The SLS process 

In comparing the RP processes described in Section 11.2, SLS was chosen to 

be used to develop a bioresorbable porous scaffold. SLA was not chosen because the 

materials range was limited in this process. FDM appeared to have potential to create 

a scaffold and a machine was available locally, but further investigation revealed that 

the development of a suitable filament for use in the system had associated time and 

cost issues which were prohibitive in this study. 3DP was also available locally, but 

the necessity to use a potentially toxic solvent to bind the polymer particles was 

undesirable and use of the commercial machine was restricted to manufacturer-

supplied materials in order not to invalidate the warranty. The extra manufacturing 

time associated with the need to use an indirect manufacturing route in the MMII 

system was considered impractical if the fabrication process was to be developed for 

clinical use. SLS was believed to have the potential to develop a biocomposite 

scaffold by direct sintering of the material. Although SSLS also has the potential to 

develop a scaffold which could include biologically active species, the more basic 
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SLS process would be a simpler approach to scaffold fabrication if it could be 

successfully developed. The material had already been successfully made into a 

powdered form in Chapter 5. An SLS machine was available through a collaboration 

with Nanyang Technological University, Singapore. Although the polymer would be 

subjected to high temperatures, it was considered that measurement of the actual 

degree of degradation of the high initial molecular weight polymer may show that the 

polymer, although degraded, maintained sufficient molar mass to be a viable option 

for use in a porous scaffold. 

In order to obtain a strong and accurate physical model, the SLS process needs 

to be adjusted to control powder fusion and edge definition [286]. Table 11.2 shows 

the factors which influence the SLS process. The majority of the powder-specific 

variables will remain constant if the same material is used throughout the SLS 

process; however factors such as particle size, size distribution, packing density, 

shape and the porosity of the system can be varied while using the same material. 

Smaller particles sinter more rapidly than larger ones and therefore a uniform powder 

size and size distribution, as well as a uniform molecular weight, are required to 

produce parts of consistent quality [286]. 

Powder-specific parameters Process parameters 
Polymer melt viscosity Laser scan speed 

Tg, Tn, Laser hatch spacing 
Mean particle size Laser power 
Size distribution Air velocity over bed surface 
Specific heat Length of scan vector 
Powder packing density Laser scan period 
Solid density Powder layer thickness 
Sintering rate parameters Powder (part) bed temperature 
Viscosity rate parameters SLS chamber temperature 
Polymer surface tension Scan radius 
Particle shape Beam spot size 
Thermal conductivity 
Emissivity 
Diffusivity 
Void fraction (porosity) 

Table 11.2: Factors affecting the SLS process, based on [286]. 

The processing parameters which are highly influential on the energy at the 

powder surface during the SLS process are shown in Figure 11.6. Laser power is the 

sintering energy supplied by the laser, scan speed is the laser scan speed over the 

powder, hatch spacing is the spacing/overlap between the lines traced by the laser, 
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Spot size is the size of the laser beam on the powder bed, and vector length is the 

length of the line traced by the laser beam. The depth of sintering is sensitive to 

factors such as hatch spacing, scan speed, vector length, laser power and spot size. It 

is increased with a reduced scan speed and increased laser power due to an increase in 

energy input, and is increased with an increase in spot size and decrease in vector 

length because of reduced energy losses from the powder surface [286]. 

LASER 
POWER 

SPOT HATCH SCAN VECTOR 
SIZE SPACING SPEED LENGTH 

PULSE 
INTENSITY 

PULSE 
DURATION 

NUMBER 
OF PULSES 

DELAY BETWEEN 
SUCCESSIVE 

PULSES 

ENERGY STORED 
AT THE SURFACE 

Figure 11.6: SLS parameters affecting the energy stored at the powder surface [287]. 

Geometrical problems associated with the manufacture of SLS parts include 

curling, shrinkage, growth and poor edge definition [287], therefore it is necessary to 

adjust the processing parameters to obtain optimal sintering. The Andrew's number 

(An), Equation 11.1, was shown by Nelson to predict the response of the SLS process; 

it describes the applied energy density which influences sintering depth and part 

strength [287]. 

L P 
A n = • Equation 11.1 

SSxHS 

where LP is laser power, SS is laser scan speed, and HS is hatch spacing. 

Although An is a useful tool in predicting the response of the SLS process, 

there are limitations in that it does not describe the effects of the rate at which the 

energy is imparted or the influence of the energy losses during the laser beam 

exposure period. Williams and Deckard [287] examined these issues and found that 

increasing the laser spot size resulted in increased part density and strength because 

this increased the exposure area which led to more exposures of a lower intensity 

irradiation over a longer time period; they also found that increasing the delay period 

between irradiation exposures (as would occur with longer scan lines in larger 

geometries) led to a decrease in part density and strength due to energy losses 
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occurring between exposures to irradiation - if the scan length was very short the part 

properties were also reduced, likely due to degradation at the high temperatures 

resulting from little energy loss. 

Part bed temperature - the temperature of the sintering environment - is also an 

influential factor. An increased part bed temperature to close to Tg for amorphous and 

Tm for semi-crystalline polymers reduces the laser power required for sintering and 

gives good inter-layer fusion [286], but prolonged exposure to elevated temperatures 

may cause degradation. A decrease in the part bed temperature increases the 

temperature gradient and the thermal stress near the scan line which may cause some 

lateral movement of the powder just ahead of the scan line due to densification-

induced movement of the powder bed material [288]. 

Numerous studies have considered that laser power, scan speed and part bed 

temperature are influential parameters and have studied the effects of varying them on 

the degree of sintering [277,281,283]. 

Parts made by SLS have some anisotropy due to the nature of the process; 

Gibson and Shi [289] found that tensile strength was lowest in the build direction. 

Cheah et al. [278] found that a denser structure was present at the edges of the 

sintered part, i.e. at the start and end of each scan line, due to the dwell time from 

acc eleration/deceleration effects. 

The effects of these parameters on the final sintered structure need to be 

considered, either by being varied in a controlled manner or by being kept constant, in 

order to obtain an optimised reproducible scaffold structure. 

11.4 Summary 

This chapter has introduced the need for porous scaffolds for use in tissue 

engineering and bone repair and has compared the major rapid prototyping 

technologies relevant to the fabrication of these structures. Selective laser sintering 

(SLS) was selected as a potential technology for use in the fabrication of porous 

scaffolds for this research and therefore the parameters affecting this process were 

considered in greater detail. 
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12. SELECTIVE LASER SINTERING 

In this chapter, the feasibility of the SLS process as a method of fabricating 

resorbable biocomposite scaffolds will be addressed. The degree of sintering of single 

layers of two PLG powders will be optimised, and composites with either HA or HA 

and /3-tricalcium phosphate particulate fillers will be produced. Multi-layer specimens 

will be assessed for inter-layer bonding and accuracy of layer placement. The 

compressive properties, thermal degradation, dimensional accuracy, porosity and pore 

size of the composite scaffolds will be investigated. A model of a phalanx and with 

designed porosity will be created to examine the process capabilities. 

This work was carried out in collaboration with Nanyang Technological 

University, Singapore. Experiments with 50-125 jum PLG powder alone were carried 

out by Miss F.E. Wiria, PhD student, under direction fi'om myself A lesser degree of 

assistance with the remaining experiments was also provided by Miss F.E. Wiria. 

12.1 Materials 

It has been suggested that a uniform powder size should be used for 

reproducible sintering [286]; hence the PLG was sieved to controlled, narrow particle 

size ranges. The yield of the sieved dried PLG powder is shown in Table 12.1, the 

125-250 i^m particle size range had approximately six times the mass of powder 

compared to the 50-125 p,m size range. The powder was stored in a desiccator when 

not in use. 

PLG powder size [nm] Yield [weight %] 
0-50 0.6 

50-125 8.4 
125-250 52.4 
250-500 3&6 

Table 12.1: Yield of milled PLG. 

Sintered hydroxylapatite (HA) as described in Section 5.2 was used as one of 

the filler materials for the composite. 

CAM CERAM II hydroxylapatite coating powder (Cam Implants bv, Leiden, 

The Netherlands) (CCII), density taken as 3 g/cm^, was also used as a filler material 
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due to problems sintering the HA which are described later in this section. It had a 

composition of 60/40 % hydroxylapatite / P-tricalcium phosphate with 10, 50 and 90 

% of particles (by volume) being 18, 37, and 56 jam or less, respectively (determined 

by Coulter Multisize II, data from Miss F.E. Wiria, personal communication). 

12.2 Methods 

12.2.1 Degree of sintering 

SLS was carried out using a Sinterstation 2500 (3D Systems Inc., Valencia, 

CA), as shown in Figure 12.1. Unless otherwise stated, a single sintered layer of 

0.229 mm thickness, 8 x 8 mm, was assessed by observation using a JEOL JSM-

5600LV scanning electron microscope (SEM). The powder size of 50-125 jxm was 

preferable partly because of the better resolutions obtainable when using a smaller 

particle size. Therefore the effect of part bed temperature, laser scan speed and laser 

power on the degree of sintering of the 50-125 ^m PLG powder was assessed. 

Default settings in the software for SandForm V2.2 were used because these were the 

most commonly used default settings in the laboratory and were chosen as a starting 

point. SLS machine settings are shown in Table 12.2. 

snrtisnniiin 

Figure 12.1: Sinterstation 2500. 

Programmed part bed 
temperature |°C1 

Scan speed |mm/s| Laser power |W| 

65 5080 5, 10, 15,20 65 
2540 10, 15,20 

65 

1905 5, 10, 15,20, 25 ,27 ,30 
100 1905 20, 25, 30 100 

1270 15,20,25, 30 

125 |j,m PLG powder. 
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Although, as mentioned earlier, the smaller particle size was preferable. Table 

1 shows that the 125-250 |im powder had the highest yield; it was therefore desirable 

to use this if possible. The optimal settings found for the 50-125 pm powder were 

used as the starting point for processing the 125-250 pm PLG powder. The sintering 

parameters used for optimisation are shown in Table 12.3. 

Programmed part bed 
temperature [°C] 

Scan speed [mm/s] Laser power [W] 

100 1270 25JW 100 
1016 25 

Table 12.3: SLS settings used to assess their effect on the degree on sintering of 125-
250 pm PLG powder. 

In order to obtain a composite, filler powders were mixed with the PLG 

powder for 2.5 hours using a roller mixer (U.S. Stoneware, East Palestine, OH) at 45 

rpm. 

In an attempt to attain an adequately sintered composite either 25, 10 or 5 

vol% HA was mixed with PLG powder. Initially, sintering with 25 vol% HA was 

attempted as it was used for the composites in the previous section for ease of 

processing whilst maintaining bio activity. This resulted in polymer combustion and 

inadequate sintering and therefore the vol% was reduced in an attempt to address 

these issues because having more polymer would dilute the effect of the HA. The HA 

was mixed with 50-125 pm, 125-250 pm and 50/50 % size mix of PLG in an attempt 

to obtain adequate sintering. Different powder sizes were used because it was thought 

that the lack of sintering observed might be due to the packing density of the polymer 

being poor (different sizes would have different packing densities and a biomodal 

powder size has an improved packing density because the smaller particles fit in 

between the larger particles). Settings of 100 °C programmed part bed temperature, 

1016-1905 mm/s laser scan speed, 5-25 W laser power were used again in an attempt 

to improve the sintering of the material. Parameters of 180 °C programmed part bed 

temperature, 1651 mm/s laser scan speed, 10 W laser power, with Glass Filled 

DuraForm v2.2 default settings were also used in order to assess whether sintering 

with these settings (which produced adequate sintering for the other composite 

material detailed later) could result in a layer with an acceptable degree of sintering. 
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A different composite was obtained by mixing 5 vol% CCII (i.e. using a 

minimal amount of filler at first following the problems associated with sintering the 

HA filler) with 125-250 p,m PLG. Sintering parameters were 100 °C programmed 

part bed temperature, 1270-1905 mm/s laser scan speed, 5-25 W laser power. 

Parameters of 120-200 °C programmed part bed temperature, 1651 in/s laser scan 

speed, l o w laser power, with Glass Filled DuraForm v2.2 default settings were also 

used. The new default settings were used because they enabled a higher part bed 

temperature to be programmed in an attempt to improve sintering. Approximately 20 

vol% CCII (for maximum processability with some bioactivity) was then sintered at 

the optimised settings. A reasonable degree of sintering was obtained with this vol% 

filler; parameters were not further optimised due to restrictions in polymer quantity. 

Four-layer specimens were fabricated for PLG with approximately 20 vol% 

CCII. Glass Filled DuraForm v2.2 default settings were used with 0.279 mm layer 

thickness, 180 °C programmed part bed temperature (when measured with a 

thermocouple to validate the temperature registered by the machine, it was discovered 

that this equated to approximately 70 °C actual part bed temperature pre-sintering, 100 

°C post-sintering), 1651 mm/s laser scan speed, 10 W laser power. The degree of 

inter-layer sintering and shifting of successive layers in the horizontal plane was 

assessed by SEM. Roller speed and layer thickness were altered from 76.2-177.8 

mm/s and 0.279-0.330 mm, respectively, in order to optimise the multi-layer 

specimens. 

Further assessments of the scaffold properties were carried out by fabricating 

the following specimens, the layout of the specimens within the build volume is 

shown in Figure 12.2: 

• 9 compression test samples (12 x 1 2 x 2 5 mm high) 

• 6 gel permeation chromatography samples ( 5 x 3 x 6 mm high) 

• 2 phalanx models 

• 1 rectangular specimen (12 x 15 x 18 mm high - to be able to establish build 

direction) with four through-holes (1.5 mm diameter) in each side, to assess 

whether porosity could be designed into the model 
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Build direction 

Direction of roller 
movement 

Figure 12.2: Build layout for final build. 

For these specimens, PLG with 20 vol% CCII was used with Glass Filled 

DuraForm v2.2 default settings, 0.279 mm layer thickness, approximately 70 °C 

actual part bed temperature, 1651 mm/s laser scan speed, 10 W laser power. The part 

bed during the SLS process is depicted in Figure 12.3. Excess powder was removed 

from the samples post-processing by covering them with a tissue (to protect the 

samples) and cleaning them with an air gun. 

Figure 12.3: Build volume during fabrication for final build set-up. 

12.2.2 Part accuracy 

y f y 
^—>^x (direction of roller movement) 

Figure 12.4: Co-ordinate system for dimension measurements. 

Sample dimensions were measured for 9 specimens using a micrometer with a 

6 mm diameter foot. The co-ordinate system is shown in Figure 12.4. The x-
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direction was the parallel to direction of the SLS machine roller movement and the z-

direction was the build direction. The z-dimension was measured at the four comers 

and the centre of each specimen, i.e. 5 points in total per specimen, x- and y-

dimensions were measured at five equidistant points in z, and three equidistant points 

in either x or y, i.e. 15 points in total per x or y dimension, per specimen. 

The average sample dimensions were used with sample weight to calculate the 

density of the specimens. This was compared to the theoretical density of a bulk 

homogenous composite specimen to give percentage porosity. 

12.2.3 Polymer thermal degradation 

Gel permeation chromatography (GPC, Rapra technology, Shropshire, UK) 

was used to assess the polymer degradation of 30-40 mg composite samples in 

duplicate after exposure to the SLS process, as described in Section 4.2.4. 

12.2.4 Compression testing 

Compression test samples were trimmed using a blade to remove excess 

material at the base caused by inter-layer shifting of the powder, this gave rectangular 

test specimens (12.5 x 12.5 x 25 mm). The specimens were tested using an Instron 

5584 materials test machine (kistron Ltd., Buckinghamshire, UK) with a load cell of 5 

kN and a cross-head speed of 1 mm/min. 8 samples were tested in total; the resulting 

data was adjusted for machine compliance (stiffness for this machine set-up was 

found to be approximately 16,250 N/mm) and for the toe-in region of the data as 

described in Section 4.2.6. An image of a sample being tested is shown in Figure 

12.5. 

Figure 12.5: Sample 'mushrooming' at top platen during testing. 
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12.2.5 Fourth middle phalanx model 

Computer tomography data from the Visible Human Project™ dataset (U.S. 

National Library of Medicine, MD, USA) for the human male fourth middle phalanx 

from the right limb was used as a basis for the SLS model. The data was provided as 

cross-sections which were sliced longitudinally along the bone with 2 mm between 

slices. The slices were imported into Amira 2.3 software (Mercury Computer 

Systems, Inc., MA, USA) with a voxel size of 0.9 x 0.9 x 1 mm and a threshold range 

of 1000-3000 (this was the density cut-off range which enabled the border of the bone 

to be clearly envisaged). Segmentation was then performed whereby the outline of 

the bone in each cross-section was manually selected to define the area of the bone 

and the presence of any holes within the selected area and islands at the periphery of 

the selected area was eliminated. The selected cross-sections were then used to create 

a volume with triangular elements. The surface of the volume was smoothed to 

remove any surface anomalies. The resulting mesh had an average triangle edge 

length of 0.8 mm and was saved as an .stl file. The model was checked for 

geometrical accuracy in Pro Engineer 2001 software (Parametric Technology 

Corporation, MA, USA) by measuring the overall bone dimensions and comparing 

these to expected values. 

The .stl file was built in the SLS machine with the proximal-distal plane 

normal to the build direction of the machine. 

12.2.6 Scaffold with designed porosity 

A rectangular block 12 x 15 x 18 mm was created with four 1.5 mm diameter 

through-holes in each face using Pro Engineer 2001 software (Parametric Technology 

Corporation, MA, USA) to make an .stl file. This was to establish the capability of 

the machine to create a specimen with designed porosity. The holes were visualized 

using a JEOL JSM-5300 SEM with Spirit version 1.06.02 software (Princeton 

Gamma-Tech, Inc., NJ, USA). 
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12.3 Results 

12.3.1 Degree of sintering 

PLG powder: 

For the 50-125 p,m powder size with programmed part bed temperature 65 °C, 

laser scan speed 5080 mm/s, no sintering was observed. On reducing the laser scan 

speed to 2540 mm/s, at 10 and 15 W some sintering was observed but the sample 

broke easily if touched. With a laser power of 20 W, a stable specimen was obtained. 

Further reducing the laser scan speed to 1905 mm/s enabled a stable specimen to be 

achieved with 5 W laser power. 

(a) 00 
Figure 12.6: The effect of increased laser power on the degree of sintering of 50-125 
|j,m PLG powder. 65 °C programmed part bed temperature, 1905 mm/s laser scan 
speed, (a) 5 W, (b) 30 W. 

At 65 °C programmed part bed temperature, 1905 mm/s laser scan speed, a 

threshold laser power of 20 W seemed to be a transition point between a poor 

sintering where particles appeared to be 'globular' (Figure 12.6a), and a more 

thorough sintering where there were a greater number of intercormections between the 

larger sintered regions (Figure 12.6b). Figure 12.7 shows the 27 W sample at a low 

magnification to illustrate the problems associated with 65 °C programmed part bed 

temperature - there was a high degree of curling at the specimen edges. This was 

hypothesized to be due to a large temperature gradient between the area being sintered 

and the surrounding material. The programmed part bed temperature was therefore 

increased to 100 °C, the maximum input temperature for the default material chosen. 
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Figure 12.7: Degree of curling of sample at 65 °C programmed part bed temperature, 
1905 mm/s laser scan speed, 27 W laser power (50-125 p,m powder size). 

Increasing the part bed temperature improved the degree of sintering, as can be 

seen by comparing Figures 12.6b and 12.8a, where the sintered interconnected regions 

are larger and there are less 'globular' particles in Figure 12.8a. The effect of 

decreased laser scan speed is shown in Figure 12.8a and 12.8b (note the slight 

difference in scale), there appears to be a slightly increased degree of sintering at the 

lower speed which is evident because the particles which are further away from the 

main sintered regions, the 'satellite' particles, look to be more bonded to the main 

sintered regions than at the higher speed. Figure 12.8b and 12.8c corroborate that 

increased laser power results in increased sintering which was shown for the lower 

part bed temperature in Figure 12.6, because the 'satellite' particles appear to have a 

larger bond to the main sintered regions at higher powers. The differences observed 

in Figure 12.8 are not extensive; this may be because the powder is at a high degree of 

sintering at the lower settings already. A lower initial setting may yield more obvious 

differences. 
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Figure 12.8: Examples of the effect of scan speed and laser power on the sintering of 
50-125 )j,m PLG at 100 °C programmed part bed temperature, (a) 1905 mm/s, 30 W, 
(b) 1270 mm/s, 25 W, (c) 1270 mm/s, 30 W. 

Figure 12.9 can be compared with Figure 12.7 to show that the increase in 

programmed part bed temperature reduced the degree of specimen curling at the 

edges. At a lower part bed temperature, there was a larger temperature gradient 

between the area being sintered and the surrounding powder; therefore the sintered 

region cooled more quickly at the surface and contracted, causing the curling. A 

slower rate of surface cooling (i.e. a lower temperature gradient in the build chamber) 

which more closely matched that of the interior of the sintered region reduced this 

effect. 
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Figure 12.9: Degree of curling of sample at 100 °C programmed part bed 
temperature, 1905 mm/s laser scan speed, 30 W laser power (50-125 |im powder 
size). 

Figure 12.10 shows the same part bed temperature with different scan speeds. 

The specimens look very similar in terms of degree of curl. The samples still seem to 

have less curl when compared to the reduced part bed temperature in Figure 12.7. 

The lower scan speed appeared to show increased sintering. 

(a) (b) 

Figure 12.10: The effect of scan speed on specimen curling. 100 °C programmed 
part bed temperature, 30 W laser power, 50-125 jam powder size, (a) 1905 mm/s, (b) 
1270 mm/s. 

The larger 125-250 ^m powder size was sintered at 100 °C programmed part 

bed temperature, 1270 mm/s laser scan speed, 25 W laser power. The degree of 

sintering was less than for the lower particle size range (Figure 12.11), as expected, 

but the degree of sintering yielded a strong layer nonetheless. As the most abundant 

powder sized obtained from cryogenic milling was 125-250 |im and the degree of 

sintering of the 125-250 pim sized powder was satisfactory, powder sized 125-250 |im 

was used from this stage onwards for further investigation, unless otherwise stated. 
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Figure 12.11: Sintering of 125-250 jim PLG powder. 100 °C programmed part bed 
temperature, 1270 mm/s laser scan speed, 25 W laser power. 

PLG composites: 

The sintering of HA powder with PLG was unsuccessful for all particle sizes 

and SLS settings attempted. The composite either combusted, yielding a layer of poor 

mechanical strength, or sintering was very poor. In some cases, the PLG particles 

appeared to sinter to form individual globules rather than joining to form a layer, as 

shown in Figure 12.12. 

Figure 12.12: 50-125 [xm PLG with 5 vol% HA showing globular appearance of 
sintered layer. 100 °C programmed part bed temperature, 1270 mm/s laser scan 
speed, 20 W laser power. 

High magnification SEM analysis (Figure 12.13) showed a fine layer of HA 

particles covering the PLG powder. It is postulated that this coating insulated the 

PLG particles which melted on application of laser power, but the PLG particles could 

not dissipate their heat as normal by contacting other PLG particles and melting them 

due to this HA 'shell'. A larger HA, or smaller PLG, particle size may perhaps give 

improved sintering because the two powders would be more similar in size and 

instead of the HA dusting the surface of the larger PLG particles the powders would 
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be more homogenously distributed which would enable the polymer particles to sinter 

with one another. 

Figure 12.13: High magnification SEM image of HA 'shell' coating the PLG 
particles. 50-125 |a,m PLG with 5 vol% HA. 100 °C programmed part bed 
temperature, 1270 mm/s laser scan speed, 20 W laser power. SEM with BEI setting. 

5 vol% CCII was therefore used as it had a larger particle size and might not 

exhibit the 'shell' effect of HA. It was possible to sinter this composite and achieve 

structural integrity. Some SLS settings still caused the composite to combust; this 

gave a strong sintered part but was undesirable as the combustion process is a hazard 

and is likely to thermally degrade the material. A comparison of the degree of 

sintering with and without combustion is shown in Figure 12.14. Although the 

material in Figure 12.14b appears to have weak sintering, the physical layer was 

relatively strong (assessed by manual handling of the material) and close inspection of 

the image shows necking between the particles indicating that a bond is present. 

CCII appeared to sinter reasonably well at 100 °C programmed part bed 

temperature, 1651 mm/s laser scan speed, 10 W laser power. The part bed 

temperature was increased to ascertain whether a higher setting would improve 

sintering as it did previously when increased from a programmed part bed temperature 

of 65 °C to 100 °C. An optimal setting that maximised part strength while avoiding 

overheating of the powder (whereby a 'skin' of partly melted powder was forrned 

before sintering occurred) was found to be 180 °C programmed part bed temperature. 

Both 5 and 20 vol% (Figure 12.15) CCII sintered adequately with these settings. The 

pore size of the specimen in Figure 12.15 can be seen to vary, with the majority of 

pores being approximately 125-250 |am. The CCII appears to be embedded within the 

polymer in the majority of cases. Some aggregation of the CCII particles can be 

observed. 
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Figure 12.14: 125-250 pim PLG with 5 vol% CAM CERAM II HA coating powder, 
(a) Specimen which underwent combustion on sintering. 100 °C programmed part bed 
temperature, 1270 mm/s laser scan speed, 15 W laser power (b) Specimen with no 
combustion. 100 °C programmed part bed temperature, 1651 mm/s laser scan speed, 
10 W laser power. 

j 
Eg 

Figure 12.15: 125-250 p.m PLG with 20 vol% CCII. 180 °C programmed part bed 
temperature, 1651 mm/s laser scan speed, 10 W laser power. White circles indicate 
pores: large = 500 jam, medium = 250 |j.m, small = 125 )j.m diameter, (a) Low 
magnification. Shows reduced sintering compared to PLG alone. (b) High 
magnification. Shows some aggregation of CCII and also CCII fixed in PLG 
particles. 

Four-layer PLG/CCII composite: 

Examination of SEM images of the four-layer specimens showed that there 

was no inter-layer debonding (Figure 12.16), this would be detrimental to the scaffold 

properties as it indicates a weak inter-layer bond. There was a large degree of 

horizontal shifting between the layers parallel with the motion of the roller (Figure 

12.16). Attempts were made to reduce this shifting because it would affect the 

overall geometry and strength of the scaffold. The layer thickness was increased as it 

was thought that because the particles were not spherical, some might be slightly 
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larger and catch the roller thus dragging the layer. Any warping at the specimen 

edges would also serve to effectively increase the layer thickness. This gave little 

improvement in the shifting, but did reduce the inter-layer bond strength and the 

resolution in z. The roller speed was altered to assess whether a slower speed would 

enable more time for the particles to settle in place and therefore be less likely to be 

dragged by the roller, or whether a faster speed would cause the particles to adhere 

less to the roller as they were in contact with it for a shorter period of time and 

therefore the degree of shifting would be reduced. Altering roller speed did not 

appear to affect the degree of shifting. It was therefore considered that the shifting 

might be due to the lack of spherical shape in the particles, causing them to drag the 

layer below when the roller moved across the sample. This may be remedied in the 

future by the development of a more suitable powder shape. Porosity is present in this 

orientation (Figure 12.16), but appears to be smaller than that seen in the xy plane, 

with pores of approximately 125 )j,m. 

Figure 12.16: Four-layer 125-250 |im PLG with 20 vol% CCII showing no interlayer 
debonding and some horizontal shifting. White circles indicate pores of 
approximately 125 |im diameter. Dashed white lines indicate layer boundaries. 

12.3.2 Part accuracy 

The compression test samples, following post processing with an air gun while 

wrapped with tissue, are shown in Figure 12.17. 
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Figure 12.17: Compression test specimens after post-processing. 
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Figure 12.18: Error in dimensions of laser sintered specimens, x = specified 
dimension in x and y, = measured y dimension (average of 3 measurements per 
sample for 9 samples, + s.d.), 0 = measured x dimension (average of 3 measurements 
per sample for 9 samples, + s.d.). 

The average height of the 9 samples in the z-axis, an average of 5 

measurements per sample, was 25.04 (s.d. = 0.60) mm; this corresponds very well to 

the theoretical height of 25 mm. The measured specimen x and y dimensions are 

shown in Figure 12.18. Dimensions in the y-axis (perpendicular to roller movement) 

appear to be consistent in z, and slightly larger than the specified value of 12.5 mm. 

This may be due either to a slight shifting of the sample between layers, causing an 

overall thicker specimen; or due to a high part bed temperature or SLS settings 

causing the surrounding powder to sinter to the surface to some degree which was not 

removed during post-processing. The greatest dimensional error occurred in the x-

direction, i.e. parallel to the roller movement, especially at the beginning of the 

sintering process due to the action of the roller. The possible reasons for this error 

were discussed in the previous section of this chapter. The error reduced to one 

comparable to the y-axis after approximately half of the specimen had been 

fabricated. It is postulated that this is because the lower part of the specimen that was 
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embedded in the surrounding powder acted as an anchor and thus prevented the 

specimen irom being dragged by the roller during the building of the upper half of the 

samples. 

Porosity was found to be 46.5 % (s.d. = 1.39). The errors associated with this 

result were the non-uniform shape of the specimens, potential inhomogeneity in 

composite mixture which would affect the composite density, and potential variation 

in bulk material density from that specified by the manufacturer. 

12.3.3 Polymer thermal degradation 

GPC samples are shown in Figure 12.19. Table 12.4 shows the reduction in 

molecular weight of the PLG caused by the SLS process. It can be seen that a certain 

degree of degradation occurred, with number and weight average molecular weight 

dropping by 9 and 12 %, respectively. However, this decrease in molecular weight 

resulted in a polymer with molecular weight in excess of 100 000 Da, which is 

required for polymers such as PLLA used as bone replacement materials [34,69] and 

therefore the material should still be suitable for use as a scaffold material. 

i t 
A: 

Figure 12.19: GPC samples, after post-processing. The first three samples in the 
build volume yielded shorter specimens because some initial layers were all bonded 
together due to shifting in the x-direction and these debonded from the rest of the 
specimen during post-processing. This difference in sample size did not affect the 
GPC results. 

Sample Weight average 
molecular weight 

[Mw] 

Number average 
molecular weight 

fMn] 

Polydispersity 

PLG granules 305 500 134 500 2.3 
Sintered PLG with 40 
wt% CAMCERAM II 

268 500 122 500 2.2 

Table 12.4: Molecular weight pre- and post-SLS. Results are an average of duplicate 
readings. (Rapra Technology). 
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12.3.4 Compression testing 

Figure 12.20 shows the reproducibility of the stress-strain curves for the 

scaffolds tested. 
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Figure 12.20: Examples of scaffold stress-strain curves. 

Young's 
modulus 

[GPa] 

Yield stress at 0.1% 
strain offset 

[MPa] 

Strain at 0.1% 
strain offset 

[%] 

Yield stress at 
1% strain offset 

[MPa] 

Strain at 
1 % strain offset 

1%] 
mean 0.13 8^9 7.67 12.06 11.39 

s.d. 0.03 2.07 2.21 Z53 2.60 

Table 12.5: Results of compression tests, n = 8. 

The compression tests (Table 12.5) gave a Young's modulus of 0.13 MPa. 

This is approximately 4 % of the value for the bulk specimens and is within the range 

for trabecular bone (0.06-3.23 GPa [19,20]). Once the elastic limit was reached the 

yielding occurred slowly, with the stress-strain curve exhibiting a large radius, hence 

the large difference in strain between the 0.1 % and 1 % yield strains. The yield 

stress at 0.1 % strain offset was 8.59 MPa, above that of the ultimate compressive 

stress reported for trabecular bone (4.1-6.7 MPa [20]). This occurred at a strain of 

7.67 %. During yield, pieces of the structure were seen to fall away from the 

specimen, this is undesirable therefore the scaffold should not be used in situations 

where the expected loads / displacements exceed these yield values. 
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12.3.5 Fourth middle phalanx model 

The three-dimensional model of the phalanx is shown in Figure 12.21a and the 

corresponding SLS model in Figure 12.21b. The physical model is quite 

representative of the virtual one. The poorer resolution at the base of the specimen is 

again due to layer shifting in the x-direction due to the roller action before an 

adequate quantity of material was sintered to act as an anchor as described earlier. 

Figure 12.21: (a) .stl model from CT data and (b) SLS model from .stl file of fourth 
middle phalanx, x = direction of roller movement, y = perpendicular to roller 
movement, z = direction of build. 

12.3.6 Scaffold with designed porosity 

A 

(a) (b) 
Figure 12.22: Scaffold with designed porosity, (a) Sample overview, (b) Detail of 
hole (marked 'h' in Figure 13a) which is highlighted by the white circle. 

Figure 12.22a shows a sample with a pre-defined porosity after post-

processing with an air gun to remove excess loose powder. The pores can be seen in 

the figure, but are obscured after a depth of less than 1 mm by powder trapped more 
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deeply in the channels. Figure 12.22b illustrates that the holes are not circular as they 

should be due to the presence of trapped powder. Although the particles of the 

trapped powder do not appear to be strongly sintered, it is likely that their irregular 

shape exacerbates the problem of powder entrapment. No difference could be seen 

between the holes in any of the build orientations because they were all blocked. It is 

possible that the holes parallel with the direction of roller movement would be more 

geometrically correct if they could be unblocked, because this orientation would not 

be affected by the inter-layer shifting described earlier. 

12.4 Discussion 

This section has shown that bone replacement scaffolds may be constructed by 

laser sintering mixed powders containing particles of bioresorbable polymers and 

inorganic particles such as hydroxylapatite and tricalcium phosphate. It has also 

shown that replicas of patient-specific bone anatomy can be made by using the 

selective laser sintering rapid prototyping process, with the 3-D geometry built from 

x-ray CT scan data. The resulting scaffolds were found to have suffered little thermal 

degradation of the polymer, and to have adequate structural properties to be 

considered for implantation as part of a load-bearing construct. 

The results obtained in this section have proven the feasibility of the method, 

but the study suffered from a number of drawbacks related to this being a pilot study, 

rather than using an optimised production process. Some of these limitations are 

discussed below. 

The polymer powder particles were sieved to a controlled particle size range, 

however, the shape of the particles was angular and irregular. Making the particles 

more spherical and altering the size distribution may improve the packing density 

giving improved sintering. The inter-layer shifting caused by the roller motion in 

multiple layer specimens was in part responsible for the dimensional inaccuracies 

observed in the specimens. A more spherical powder would be easier to manoeuvre 

using the roller and may therefore reduce the dimensional error in the x-direction. 

Dimensional accuracy could also be improved by more thorough post-processing to 

remove the excess powder bonded to the sides of the specimens. If these options were 

ineffective, scaling the actual model to allow for this effect, or else building the model 
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on an underlying plinth of the build material, may be an option to improve 

dimensional accuracy. 

The sintered composite scaffolds appeared to experience some aggregation of 

filler particles. This is likely to be due to the fact that the two powders were only 

manually mixed. Future research may consider mixing via extrusion followed by 

regranulation to achieve a more homogeneous mixture. 

The thermal degradation observed in this study was not excessive. The degree 

of degradation may increase as sample size increases due to the polymer being 

exposed to elevated temperatures for longer time periods, consideration of this needs 

to be made if the sample geometry is changed. The experiments with the PLG plus 

CCII powder mix showed that the best results were obtained when the programmed 

part bed temperature was close to the sintering point of the polymer, so that little 

further energy input was required from the laser. This avoided problems with 

localized overheating of the matrix. 

The results of the compressive tests showed that the composite scaffold had 

mechanical properties similar to trabecular bone. Further optimisation of the SLS 

process and materials for this composite scaffold as described above may lead to 

improved mechanical properties. 

The phalanx model was relatively accurate; a smaller powder size would 

improve the resolution of the model, although the limiting factor may be the accuracy 

of CAD data obtained from medical imaging which has a coarser slicing than the SLS 

build process. 

The specimens did have some interconnected porosity. It is desirable to be 

able to produce a controlled porosity in order to allow tissue ingrowth throughout the 

construct. It has been shown that a minimum pore size of approximately 100 )J.m is 

needed to allow bone spicules to grow into a porous structure [290]. A relatively 

uniform porosity was achieved in this study due to the presence of gaps between the 

sintered particles. Ideally, a porosity that can be controlled in terms of size, 

percentage and tortuosity is desired. This was not possible in the study due to the 

entrapment of powder in the pores, but may be obtainable with a more regular powder 

shape. Particles of a smaller size may be removed more easily from the pores. If 

powder removal is not possible, it may be necessary to sinter particles of a size that 

will produce a porosity with uncontrolled geometry and an interconnected pore size 
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suitable for bone regeneration, whereby only the overall part geometry (i.e. the outer 

surface) is being controlled. 

This pilot study has produced a bioresorbable scaffold with superior 

compressive mechanical properties to those reported for some other bioresorbable 

scaffolds produced by SLS. For example, Young's modulus and strength were greater 

than that found by Williams et al. for PCL with values of 0.05 - 0.07 GPa and 2.0 -

3.2 MPa, respectively [282]. However, this was expected because PLG composite 

materials should be stiffer in compression than PCL at ambient temperature, unless 

exceptionally degraded. 

Although sources have been found in the literature which state that SLS is 

unlikely to be suitable for processing most biopolymers due to excessive degradation 

at the high temperatures involved [241,284], no actual data to substantiate this claim 

has been found by the author to date. The results of this study have shown that 

although PLG is relatively easily thermally degraded, it can be processed with 

minimal degradation under the conditions described in this investigation using 

conventional SLS. 

Although the SLS specimens exhibited the limitations detailed above, it is 

necessary to consider that this is an initial evaluation of a novel manufacturing 

process for such a bioactive and bioresorbable composite system for use as a bone 

replacement scaffold material. The results suggest that the scaffold has potential and 

should be further developed with a view to producing a scaffold for bone tissue 

engineering. 
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13. SUMMARY, CONCLUSIONS AND FUTURE WORK 

In this chapter the overall findings of these investigations will be presented 

and suggestions for future research directions will be made. 

13.1 Summary 

13.1.1 Processing 

- The extrusion step in the composite processing route was necessary to reduce the 

variability in mechanical properties. 

- Milling and drying the PLG had little effect on molar mass. Extrusion caused the 

greatest degree of polymer degradation, the Mw after TM and CM followed a 

similar trend for all materials, with TM resulting in slightly more degradation than 

CM. 

- PLG was more sensitive to processing conditions than PCL. The more bioactive 

fillers, especially 45S5 BG, caused a much greater degree of thermal degradation 

of the polymer. After processing, the molar mass was still greater than 100 kDa 

for PLG, PLGC and PLGH. 

- The processing route produced homogenous composites at the mg level. 

- PLG4B was significantly more hydrophilic, and PLGH and PLGC more 

hydrophobic, than PLG. 

13.1.2 Mechanical properties 

- The trend in mechanical properties between filler materials was similar for PLG 

and PCL; PLG had superior properties to PCL but was more affected by the 

presence of the highly bioactive fillers than PCL. 

- The fillers made PLG more brittle and increased the modulus to 1.6-2.4 times that 

of the polymer alone, except 45S5 BG. 

- Compressive strength of PLG was unaffected by the fillers, tensile strength was 

reduced by 22-45 % (PLG4B could not be tested in tension). 
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- The mechanical properties of the PLG composites, except PLG4B, were greater 

than those of trabecular bone, but less than those of cortical bone. For example, 

compressive strength and modulus were 91-93 MPa and 5.5-5.9 GPa, respectively. 

This compares to approximately 131 MPa and 10 GPa for cortical bone, 4-7 MPa 

and 0.1-3 GPa for trabecular bone. 

13.1.3 Ageing and degradation 

- The fillers increased the rate of water uptake in PLG composites after immersion in 

SBF, especially the bioactive glass composites which also lost mass over the 12 

weeks immersion period. 

- PLG4B affected the pH of the SBF, becoming more alkaline from 3 days to 3 

weeks and more acidic from 9 to 12 weeks than the other materials tested. 

- Molecular weight loss of PLG was approximately double that of the composites 

over the 12 week immersion period. 

- Mechanical properties of PLG were roughly constant over the 12 weeks. The 

composites lost their brittle nature after 3 weeks immersion and had inferior 

mechanical properties to PLG by that time point. 

- After 12 weeks immersion the PLG composites had a compressive modulus 

(except PLG4B) in the range of, and strength (except PLG4B and PLGEB) superior 

to that of, trabecular bone. 

- Results suggest that mechanical properties of the composites were greatly affected 

by water ingress, especially for the more bioactive fillers. 

13.1.4 Cell culture 

- Following EtO sterihsation, all composites were more hydrophilic than PLG, 

PLG4B and PLGC significantly so. 

- Thermanox® was significantly smoother than PLG and composites; PLG was 

smoother than the composites in some circumstances. 

- MG63 human osteosarcoma cell attachment over 0.5 to 6 h was lower at some 

points for PLG4B and Thermanox®. 
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- Proliferation over 1 to 14 d was higher for Thermanox® and PLGC, low for 

PLG4B, and it decreased over time for the remaining materials. 

- Cells on Thermanox® had a very spread morphology at 1 and 7 d, cells on PLGC 

and PLGH were also quite spread. 

- Regarding differentiation, negligible ALP was expressed by the cells on PLG and 

composites, but OC was observed at 14 d indicating an osteoblastic phenotype. 

13.1.5 Porous scaffolds manufactured by selective laser sintering 

- PLG and PLG-20 vol% CCII scaffolds with approximately 46.5 % porosity were 

successfully created via SLS by altering powder particle size, laser power, laser 

scan speed and part bed temperature. 

- The SLS process caused a 9 and 12 % reduction in PLG Mn and Mw, respectively. 

- Scaffolds had compressive Young's modulus and strength of 0.13 GPa and 12.06 

MP a, respectively, which are similar to trabecular bone. 

- The capabilities of the SLS process to reproduce shapes from patient specific data 

were shown by successful fabrication of a human fourth middle phalanx model. 

- A block with designed porosity was produced, but some obstruction of the 

channels by entrapped powder was experienced. 

13.2 Concluding remarks 

An examination of the different PLG composites from a mechanical 

engineering as well as a materials-based perspective shows that PLGC appears to be 

the most suitable composite for use as a bone substitute from the materials and 

investigations carried out within this research. CaCO] is a relatively inexpensive 

material and was most easily processed with PLG to form a composite. It had high 

mechanical properties which were maintained longer than the other composites during 

immersion studies, and a positive cellular response to the material was suggested. 

PLGH may also be a suitable biocomposite material, but the results in this 

investigation were not quite as favourable as for PLGC. The PLG-bioactive glass 

composites, especially PLG4B, were difficult to process and experienced a high 

degree of water uptake. The degradation experienced during processing of the 
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bioactive glass composites and the increased water content of these materials on 

immersion in SBF impacted on the subsequent measured properties. 

The results suggest that use of a bioactive filler, although increasing the 

bioactivity and potentially buffering any acidic degradation by-products (this was not 

seen clearly in the 12 week immersion study, a longer study may show this more 

plainly), may be detrimental in a composite in terms of encouraging water ingress, 

which reduces the mechanical properties of the material during immersion in SBF and 

potentially in vivo. Therefore, to be suitable for clinical use, the composite properties 

must be carefully tailored to ensure that there is a balance between the factors such as 

bioactivity and mechanical properties. PLGC had mechanical properties similar to 

that of trabecular bone after 12 weeks immersion in SBF, therefore it should be 

suitable for replacing this material, but may be unsuitable for use in a load bearing 

situtation to replace cortical bone without additional support. Potential solutions for 

this issue will be discussed in Section 13.3.2. 

hiitial experiments suggest that SLS is a potential fabrication route for the 

manufacture of patient-specific, bioresorbable, bioactive porous scaffolds with initial 

mechanical properties similar to trabecular bone. Again, potential solutions for the 

issues associated with using these scaffolds in load bearing situations similar to those 

experienced by cortical bone will be discussed in Section 13.3.2. 

13.3 Future work 

13.3.1 Improvements to the research protocols 

- The different filler types assessed were numerous but not comprehensive, a larger 

study to assess the differences between a more extensive range of fillers within the 

same polymeric matrix would provide a useful catalogue of comparative data. 

- Liaison with the filler manufacturers to obtain a more similar particle size 

distribution of the different powders would enable a more accurate comparison 

between the filler types (these were not available for this study). 

- Regarding processing, a more thorough investigation into the effects of the 

processing parameters on the molecular weight of the polymer for all materials 

would facilitate fine-tuning of the production process, potentially allowing 
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composites with polymer matrix of the same molecular weight to be produced to 

enable a more accurate comparison between the composite properties (a limited 

quantity of molecular weight analyses were available from RAPRA for this study). 

An examination of the molecular weight of PLG with 45S5 BG, heated together 

without shear, in comparison to PLG alone and to extruded PLG4B, would show 

whether the molecular weight loss of PLG4B was due to shear from the larger 

angular particles during extrusion. 

Altering the geometry of the tensile test pieces to increase the size of the paddles to 

prevent slippage in the grips would decrease reliance on the video extensometer 

and allow strain measurement for PCL samples, but would use more (expensive) 

material. 

An examination of the polymer and composite toughness would enable a more 

thorough characterisation of the mechanical properties of the different materials. 

Increasing the number of DMA samples for short term degradation trials while 

increasing the immersion container size in order to reduce the degree of specimen 

warpage may reduce variability of results. ICP of the SBF following sample 

immersion would show the chemical make-up of the fluid surrounding the samples 

during degradation (this was not possible in this research due to machine 

malfunction). Ageing studies over a longer period of time (or accelerated 

degradation studies at 60 °C) may illustrate the saturation of PLGC and PLGH with 

water, and might show the degradation of PLG such that the mechanical properties 

of the composites are greater than the polymer and that the composites have a 

buffering effect on acidic degradation by-products of the polymer to avoid 

autocatalysis. The longer-term studies might show that PLGC degrades faster than 

PLGH. 

If possible, creating a surface roughness which is similar for PLG, PLG composites 

and Thermanox® would be beneficial in terms of removing an influential variable 

from the cell cultural investigations. 

Increasing the number of cell culture samples to better characterise the variability 

in results would be beneficial, not possible in this investigation due to material and 

time constraints. 
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A study to assess the optimal preconditioning period in media for samples prior to 

cell seeding to create a CaP layer may help to optimise cellular response to the 

materials. 

Contact pH measurements to ascertain whether there is a change in local pH with 

some materials on immersion would help to explain results more thoroughly. 

Using a different batch of PLG, or using PCL matrix, for cell proliferation studies 

may help to ascertain whether the PLG adversely affected cell proliferation. 

Altering the surface area to volume ratio for the samples in media may increase 

cell response by preventing any saturation of the media by dissolution by-products 

from the materials. 

Use of an LDH assay which is semi-quantitative and indicates the ratio of dead and 

living cells may be used to supplement the results of the MTS assay for 

proliferation studies. 

Use of a cell type more suited to ALP production, or increasing the cell seeding 

density, may assist with the ALP production on the materials. 

Thorough optimisation of all of the cell culture protocols for the test materials, 

rather than using some of those optimised for similar materials, would improve the 

cellular response and give stronger results (this was carried out due to material and 

time limitations). 

Regarding SLS, a more rounded powder morphology may reduce the inter-layer 

shifting of the samples as the powder might not catch on the roller during layer 

addition, if not, extra material could be sintered initially to act as an anchor 

attached to the base of the part to reduce the shifting effect. This powder 

morphology may also enable easier particle removal from channels in the SLS 

models, allowing a control of the geometry of the porosity within the structure - if 

this is not possible, alterations to the particle size may be necessary to give a 

porosity with uncontrolled geometry but with pore sizes sufficient to facilitate bone 

ingrowth. Particle size and particle size distribution could be altered to optimise 

part resolution and packing density to improve sintering. 

The homogeneity of the composite porous scaffolds could be improved by creating 

a composite prior to sintering e.g. via extrusion, regrinding the extrudate into a 

powder and then sintering this powder. This may enable experimentation with 

different filler particle sizes, such as the small HA which could not be sintered in 
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this research. The use of other fillers such as the CaCOg which was successful in 

Section 1 of the research could be investigated. 

- Developments in the SLS post-processing routine may improve dimensional 

accuracy in the y-dimension, perpendicular to roller movement; alternatively the 

part dimensions could be scaled in this axis to counter the effects of excess 

sintering. 

- Further optimisation of all SLS parameters may improve the sintering and 

mechanical properties of the porous scaffolds. 

- Attempts could be made to fabricate different geometries by SLS to assess the 

effects of this on the polymer degradation. 

- CT data with improved resolution would improve the accuracy of the fabricated 

patient-specific models. 

13.3.2 Future research directions 

- Firstly, longer term immersion trials and more extensive cell culture experiments 

should be carried out to ascertain whether PLGC is actually superior to PLGH over 

longer time periods. This will enable a more confident material selection to take 

place. 

- The chosen composite material should be subjected to thorough SLS trials to 

fabricate a porous scaffold; these should include characterising the degradation 

characteristics of the scaffolds and the cell cultural response to them. 

- The design of the construct for in vivo use should then be considered in more 

detail. Although the bulk materials had superior properties to trabecular bone 

initially, they were still inferior to those of cortical bone and would therefore not 

be suited for use in highly loaded situations without additional support. For bone 

ingrowth, as noted previously, porosity is necessary and this was shown to reduce 

initial mechanical properties to a level comparable to trabecular bone. Immersion 

studies on the porous scaffolds are expected to show a drop in these mechanical 

properties over time, and therefore further support in load bearing situations would 

be necessary for the porous scaffolds. A number of possibilities exist for this 

additional support, either external support such as metal plates on the bone or a 

support frame outside the body could be used - this would be undesirable as it 

would be necessary to remove this additional support once healing had occurred 
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(however the implant would only require sufficient structural integrity for self-

support), or support could be built into the implanted material as shown in Figure 

13.1. 

Porous composite 

Channels 

^ Bulk resorbable 
support material 

Figure 13.1: Possible designs for support within the implanted structure, (a) External 
shell, (b) internal support. 

The built-in support material would be in bulk form to improve mechanical properties. 

It could comprise the same composite material, or one which degraded at a different 

rate. The filler content could be altered to improve mechanical properties (however 

those in tension might be reduced by an increased filler content). The support could 

be made from polymer only to reduce any adverse effects of water ingress, but the pH 

buffering effect of the porous composite may be insufficient to counteract the acidic 

degradation products. A ceramic material could be used as a support but may be poor 

in tensile and torsional situations. Chaimels would be needed in the support material 

for some bone ingrowth and for removal of degradation products. The external 

support in Figure 13.1a could be attempted by using SLS to create a more solid outer 

shell and a porous interior, if this cannot be made by rapid prototyping it may not be 

possible to create a patient-specific external geometry and the interior could be 

sintered simply by heating it inside the prefabricated shell. The internal support 

shown in Figure 13.1b could be produced by conventional means and a porous 

patient-specific exterior could be added to it by SLS. Care should be taken with this 

design that particulate debris is not released into the body during scaffold degradation. 

It is suggested that the first line of enquiry might be to examine the internal support in 

Figure 13.1b, using a bulk composite material in the centre of the implant in an 

attempt to supply sufficient mechanical properties required in vivo at the implant site. 

Once this structure has been successfully fabricated, animal studies may be carried out 

and, if these are successful, clinical trials may follow. 
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APPENDIX 1. SUPPLEMENTARY MATERIAL 
INFORMATION 

On the following pages can be found: 

Table A l . l : Bioresorbable polymers - General properties, information taken from 
review literature and original research. 

Table A1.2: Bioresorbable polymers - Mechanical and degradation properties, 
information taken from review literature and original research. 

Details of other resorbable / bioactive ceramics not covered in the main text. 
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Mate r i a l Genera l I n fo rma t ion A r e a of appl ica t ion P roduc t s with r egu la to ry a p p r o v a l T „ [-C] T , I'C] Crysta lUni ty [%) Solvents In vivo toxici ty 

Pol><giycolic acid). PGA orthopaedics [5] BioRx [3], D E X O N m m r c [31,34] 210-230 [31,34] 
35-40 

P 1 J 4 , 3 

61 

35-75 [3Z341 hexafluroisopropanol [36] limited foreign body reaction [39] 

Poly(L-lactic acid). PLLA 
orthopaedies, oral and maxillofacial surgery 
[5] 

MxSofb S y a c m m d NcoQx ( K m « , luilm, p in : ) [5] 
139-178 
[ 3 1 ^ 3 6 ] 

34-65 

[31,34,3 

61 

13-30 [34] 
methylene chloride, chloroform, 

hcxafluroisopropanol [36] 
limited foreign body reaction [39] 

PoIy(DL-lactic acid). PDLA 
amorphous 

[31,34] 

50-60 
[ 3 I J 4 , 3 

61 

meiliylenc chloride, tetraliydofuran. ethyl 
acetate, chloroform, hexa fluroisopropanol. 
ace looc r36] 

P L D L A T M O 
orthopaedics, oral and maxillofacial surgery 

[5] 

ResorbPin, PolyPin, Lcadfix MacroSorb System (screws, 

pMcm. m o h . o a S t pio%) [3] 

PLLGA I0f90 suture, pcridontal surgery [5] Vicryl suture. Vicryl mesh [5] 

P L L G A M / 1 8 vlorc informati<Ki for these polymers can be found in Section 2.3. orthopaedics 
Suture anchors (Surgical Dynamics), Screws and plates for 
maxillofacial repair (Biomet) [31] 

PDLGA 50/30 
amorphous 

[4:36] 

45-50 
[ 4 J 6 ] 

mcUiyleiic chloride, letraliydofuran, etliyl 
acetate, chloroform, hcxafluroisopropanol. 
acetone [36] 

PDLGA 75/23 
amorphous 

[31,36] [31,36] 

mediylene chloride, telrahydofltran. etliyl 
acetate, chloroform, hexafluroisopropanol, 
acetone [36) 

PDLGA 85/15 Biologically Quiet ™ staple (Instrument Makar) [31] 
amorphous 

[ 3 I J 6 ] [ 3 1 J 6 ] 

methylene chloride, tetrahydofuran, ethyl 
acetate, chlorofonn, hexafluroisopropanol, 
acetone [36) 

Pol><«-caprolactonc). PCL drug delivery [5] Capronor [5] 37-63 p i J 4 ] [31,34,3 

61 

methylene chloride, chloroform, 
hcxafluroisopropanol, acetone [36] 

PCL CO G A block copolymer suture M O N O C R Y L ® suture (Etliicon) [31] 

Polyorthocster. POE 

For some POE*, acidic by-products autocatalysc the degradation p r o c e a 
34 ] . Some POEs possibly have limited stability in prolonged storage at 
ambient temperalurc even if moisture is excluded [34]. 

drug delivery [31,34] amorphous [34] 
[34] 

Polymnhydndc 
Degradation products following hydrolysis arc dicarboxylic acid monomers 
59]. Degradation t ime can be altered from days to years by altering the 

degree of hydrophobicitv of the monomer selection [31] 

drug delivery [31) Gliadel® drug delivery product (Guilford) [31] 46-49 [34] excellent hi vivo compatibili ty [31] 

Poly-p-dioxanonc. PDO 
A poly(estcr-ctha-). More flexible and degrades more slowly (in vitro and in 
vivo) than PGA [46]. PDO can be processed by extrusion and injection 
•noulding [58]. 

orthopaedics 
PDS® suture (Ethicon) [31,291], Absorbable pin for 
fracture fixation (Jolmson & Johnson) [31] 

- 1 0 - 0 
[31] 

some foreign body reactions have 
been reported for P D O [39], others 
noted no toxic or acute effects on 
implantation [31] 

Pol>th>droxybut>Tatc), PHB 

& PHB(h>'drox>valcratc). 

PHB(HV) 

Member of Polyhydroxyalkanoates, microbial polyesters. The properties of 
PHB can be altered by copolymcrisation of the polymer [58.292-294]. PHB 
is crystalline and brittle, a copolymer of P H B and HV is a more flexible and 
irocessable material [34]. As the amount of HV increases, the tensile 
nra ig th decreases as docs the modulus, and the extension to break increases 
M l . 

possible applications are drug delivery and 
sutures [34) 

Biopol™(ICl) [34] 137.171 [34] 
1 . . 5 
[34] 

Low toxicity [34] 

Pol>tirimcthyicnccarbonatc). 
Possibly too weak to be practical on its own. but maybe useful in block 
:opol>mers or blends with br ia le materials e.g. PLA or PHB (34]. 
Degradation products arc of neutral pH [46]. 

As copolymer in drug delivery evaluations 

[ M ] 

a copolymer of polyglycolide-co-trimetljylenc-carbonatc is 
used as a suture and is commercially known as Maxon 
[31,293]. 

amorphous [34] -15 [34) 

some foreign body reactions have 
been reported willi polyglycolide-co-
triinetliylcnc-carbonate [39). 

PoInBPA-iminocarbonatc) . 

Pol><BPA-ic) 

Pure poly(amino acids) (e g. poly-L-glutamic acid. poly-L-lysinc) arc 
unsuitable for use as biomatcrials; for example synthetic poly(amino acids) 
[lave a high crystallinity. arc difficult to process, and have relatively slow 

amorphous [34] 69 [34] potential toxicity [34] 

Pol\<DTH-iminocarbonalc). 

P o l X D T H 4 c ) 

degradation [31]. Ertel and Kohn [296] looked at poly(BPA-carbonate) in 
ifiiro and found that cells were rounded and clumped, indicating the material 
j id not support cell attachment, it is not degadab le . It is very stable, easy to 
process, has a h i ^ mechanical strength (tensile moduli of 1 .2-1.6GPa. 
1 ensile strengths of 60-220 MPa) and good shatter resistance. Th<Te(bre the 
use of modified polycarbonates. s>-nihcsiscd using a tyrosine derivative has 
txen examined. Tyrosine d a i v e d polycarbonates are high strength materials 
with improved behaviour of degradation products (with no acidic degradation 
products) in bony sites that have possible applications as orthopaedic 
implants [31.59]. These pscudo-pol><amino acids) have better mcchanical 
properties, processability. stability, and case of synthesis than amino acids 
59]. Polyiminocarbonates are formed by replacing the carbonyl oxygen 

from (he polycarbonate with an imino group. This docs not alter the 
Ticchanical properties of the polymer, but decreases the hydrolytic stability 
iicxefore making it more degradablc [34] 

evaluated for orthopaedic fixation e g. bone 

pins and screws [34] 
amorphous [34] 55 [34] 

Poh<propNiaic fumaratc). 
PPF 

PPF is an unsaturated linear polyester thai can be cross-linked t h r o u ^ the 
fumaraie double bond [47]. 

Potential applications are as a biodegradable 
injectable bone cement that polymerises in 
situ, or for drug delivery applications [58), 

mild tissue response 8 weeks rabbit 
[235], mild inl iammatory response in 
rats [47) 
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Material 
Tensile strength 
|MPm| 

Young's modulus 
IGPal 

Bending / flexural 
strength [MPa] 

Flexural 
modulus [GPa] 

Elongation |%1 Degradation method Time for complete degradation Time for loss of mechanical properties 

Poly(glycolic acid), PGA 68+ [32,36] 7 [31,32,36] 15-20 [31,36] bulk erosion [5] 6-12 months [31,36] 0.5-1 months [5] 

Poly(L-lactic acid), PLLA 28-83 [32,34,36] 2.7-4.2 [31,32,36] 45-145 [35] 2.4-10.3 [28] 5-10 [31,36] bulk erosion [5] over 2 years [31,36] 9-15 months [5] 

Poly(DL-lactic acid), PDLA 
27.9^1.4 
[32,34,36] 

1.4-2.8 [31,32,34,36] 1.95-2.35 [53] 3-10 [31,36] bulk erosion [5] 12-16 months [31,36] 1-2 months [5] 

PLDLA 70/30 bulk erosion [5] 5-6 months [5] 

PLLGA 10/90 bulk erosion [5] 1-2 months [5] 

PDLGA 50/50 41.4-55.2 [36] 1.7-2.8 [36] 3-10 [31,36] bulk erosion [5] 1-2 months [36] 1 -2 months [5] 

PDLGA 75/25 41.4-55.2 [36] 1.7-2.8 [31,36] 3-10 [31,36] bulk erosion [5] 4-5 months [31,36] 1-2 months [5] 

PDLGA 85/15 41.4-55.2 [36] 1.7-2.8 [31,36] 3-10 [31,36] bulk erosion [5] 5-6 months [31,36] 1-2 months [5] 

Poly(6-cmprolactone), PCL 16-34.5 [32,34,36] 0.21-0,4 [31,32,34,36] 0.5 [53] 300-500 [31,36] bulk and surface erosion [5] over 2 years [31,36] 9-12 months [5] 

Polyonhoester, POE 19-30 [34,35] 0.8-1.2 [34] 65-66 [35] 0,95-1.25[53] 7-220 [34] 

surface erosion (when additives are incorporated as POE is 
highly hydrophobic and there&re glow to d%rade [28], the 
degradation rate can be controlled by incorporation of acidic or 
basic excipicnts (311) [5,341 

4-6 months [5] 

Polyanhydride 4 [34] 0.045 [34] 85 [34] 5ur6ce erosion [5,34] 4-6 months [5] 

Poly-p-dioxanonc, PDO 1.5 [31] 6-12 months [31] 
the sitture PDS*II retains 70%, 50% and 25% 
of its strength at 2 ,4 , and 6 weeks 
respectively [291] 

Poiy(hydroxybutyrate), PHB 
& PHB(hydroxyvakfatc), 
PHB(HV) 

16-36 [34] 0.4-2.5 [34] 0.75-2.86 [53] 2.5-36 [34] 
PHB is cnzymaiically degraded esterase toD-3-
hydroxybuteric acid, which is a normal constituent of human 
blood [34]. 

Chu [46] notes that the biodegradation of 
PHB and PHV in vivo is questionable, high 
molecular weight PHB or PHB/PHV fibres 
were not found to degrade after 6 months in 

Poly(trimethylenecarbonate), 
pTMC 

0.5 [34] 0.003 [34] 160 [34] homopolymer degrades at veiy slow rale [34] 

Poly(BPA-iminocarbonate), 
Poly(BPA-ic) 

50 [34] 2.2 [34] 4 [34] 

PoIy(DTH-iminocarbonate), 
Poly(DTH-ic) 

40 [34] 1.6 [34] 7 [34] 

Poly(propylene fiimarate), 
PPF 

61-70 [37] 0.857-0.923 [37] 11 [37] 
degradation of PPF occurs by hydrolysis of the ester bonds to 
propylene glycol, poly(acryIic acid-co-fumaric acid), and 
fiimaric acid which is present in the TCA cyclc[47'|. 

slower degradation than a PLA-PGA 
copolymer and less fibrous encapsulation was 
observed in a rabbit model [2351 
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Other resorbable / bioactive ceramics: 

Calcium sulphate 

Calcium sulphate dihydrate or Plaster of Paris (POP) (CaS04 2H2O) is the 

oldest bioresorbable in use; it has been used for over 100 years in the treatment of 

skeletal defects [80]. It is used in the form of cement or granules as a defect filler or 

binder [297]. 

POP resorbs rapidly in vivo with no inflammation, a minimal foreign body 

reaction, and results in normal regenerated bone [297]. OsteoSet® pellets (Wright 

Medical Technology Inc, TN, USA) are commercially available which resorb over 6-

7 weeks [80,297]. These pellets are used as a graft material in the treatment of e.g. 

bone defects or trauma, they are generally used with additional support in load 

bearing situations [298]. Yamazaki et al. [299] found that POP in a mouse model was 

still present at 6 weeks with no foreign body reaction; it was suggested that POP can 

be completely absorbed within 4 months. 

Although POP has low cost, high availability, acceptable tissue compatibility, 

ease of handling, and ease of sterilisation without loss of properties [45], it does not 

seem likely that it has a practical application in the repair of bone defects in load 

bearing situations. This is possibly because the resorption rate of 2-4 months for 

complete absorption is too rapid. 

Calcium phosphate (CaP) ceramics 

CaP ceramics are widely used as they have a similar structure to that of the 

mineral phase of bone. In bone, the pure hydroxylapatite ceramic that is present has a 

Ca/P ratio of 1.67. CaP ceramics are used in dental implants, percutaneous devices, 

periodontal treatment, orthopaedics, maxillofacial surgery, otolaryngology, spinal 

surgery, and middle ear implants. They are also used as powders, coatings on metal 

implants, as a low load porous material where bone growth acts as reinforcement, and 

as a bioactive phase in a polymer-bioactive ceramic composite [23,79]. 

Different phases of calcium phosphate are used depending on whether 

resorbability or bioactivity is required. At physiological temperature and a pH greater 
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than 4.2, the only stable phase of CaP is hydroxylapatite [79]. All CaP ceramics 

degrade a certain amount; the extent of material degradation from the greatest to the 

least is octocalcium phosphate, a-tricalcium phosphate (a-TCP), jS-tricalcium 

phosphate (jS-TCP), unsintered and uncalcined hydroxylapatite (uHA), sintered 

hydroxylapatite (sHA) [32]. 

Resorption of CaP ceramics occurs via physicochemical dissolution, which 

depends on the solubility of the material and the local pH. Biodegradation can occur 

by preferential chemical attack of grain boundaries causing physical disintegration of 

the material into small particles, and by biological factors such as phagacytosis which 

can cause a reduction in pH [79]. The resorption products of TCP are basic and, if 

used in a composite, may buffer acidic polymer degradation products [5]. 

HA was discussed in Section 2.4.2 and will not be considered here. 

Ca3(P04)2 is /S-whitlockite, or j8-tricalcium phosphate (jS-TCP) and is 

principally used in dentistry [45]. TCP has good biocompatibility, an unpredictable 

degradation profile, and it is resorbed faster than HA. TCP degrades to calcium and 

phosphate salts [98]. TCP can bond directly to bone and is osteoconductive [82]. 

TCP has lower mechanical properties than HA and some glass ceramics (it is brittle 

and has low impact resistance), as is shown in Figures 2.6 and 2.7. 

Glass ceramics 

Glass ceramics include materials such as Cerabone®, Ceravital® and Bioverit®. 

Cerabone® glass ceramic is an apatite-wollastonite glass ceramic (A/W GC); it is used 

for vertebral replacements where a large compressive strength is required and has 

been used for vertebral prostheses, vertebral spacers, iliac crest prostheses, and as a 

bone defect filler. Ceravital® has been used for a middle ear device. Bioverit® has 

been used as a middle ear device, tooth root and spacer [22,23]. 

Glass ceramics exhibit class B bioactivity, i.e. they are osteoconductive [86], 

and have higher mechanical properties than 45S5 Bioglass® as shown in Figures 2.6 

and 2.7. 
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APPENDIX 2. RESULTS OF MOULDING SET-UP 

EXPERIMENTS 
175 °C/ 

0.2 kN/mm^ 
125 "CI 

0.2 kN/mm* 
125 °CI 

0.07 kN/ mm^ 

125°C/ 
slowP 

n = 10 n = 10 n = 9 n = 9 

average average average average 

E [GPa] 0.59 0.61 0.63 0.68 

Yield stress (1% strain 
offset) [MPa] 16.44 15.21 16.71 15.88 
Strain at yield stress (1% 
strain offset) [%] 3.87 3.51 3.71 3.35 

Yield stress (0.1% strain 
offset) [MPa] 10.46 10.19 10.21 9.43 
Strain at yield stress (0.1% 
strain offset) [%] 1.92 1.78 1.76 1.5 

s.d. s.d. s.d. s.d. 

E [GPa] 0.09 0.07 0.09 0.07 

Yield stress (1% strain 
offset) [MPa] 1.06 1.02 1.00 0.98 

Strain at yield stress (1% 
strain offset) [%] 0.56 0.29 0.50 0.27 

Yield stress (0.1% strain 
offset) [MPa] 0.46 0.83 0.51 0.79 

Strain at yield stress (0.1% 
strain offset) [%] 0.31 0.24 0.32 0.15 

Table A2.1: Comparison of moulding parameters for PCLC, assessed by compression 
tests. SlowP = 2 s per 0.03 kN/mm^ from 0.03 kN/mm^ to 0.2 kN/mm^. 

175 °C /0 .2 
kN/ mm* 

125 "C / 0.2 
kN/ mm* 

125 "CI 
0.07 kN/mm* 

n = 18 n = 15 n = 10 

average average average 

Max. stress at yield [MPa] 11.96 12.05 11.05 

s.d. s.d. s.d. 

Max. stress at yield [MPa] 0.60 0.71 0.68 

Table A2.2: Comparison of moulding parameters for PCLC, assessed by tensile tests. 

220 °C / 0.2 
kN/ mm* 

190 °C /0 .2 
kN/ mm* 

190 °C I 
0.07 kN/ mm* 

average average average 

E [GPa] 4.64 4.49 4.89 

Ultimate compressive stress (UCS) [MPa] 87.03 81.87 92.05 

Strain at UCS [%] 2.64 2.69 2.74 

s.d. s.d. s.d. 

E [GPa] 0.36 0.40 0.43 

Ultimate compressive stress (UCS) [MPa] 8.24 8.04 8.53 

Strain at UCS [%] 0.16 0.23 0.19 

Table A2.3: Comparison of moulding parameters for PLGC, assessed by compression 
tests, n = 10. 
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220 °C / 0.2 
kN/ mm* 

190 °C /0 .2 
kN/ mm* 

190 °C/0 .07 
kN/ mm* 

average average average 

E [GPa] 6.70 6.06 7.35 

Stress at break [MPa] 52.68 51.92 53.23 

Strain at break [%] 1.25 1.17 1.03 

s.d. s.d. s.d. 

E [GPa] 2.45 1.19 1.28 

Stress at break [MPa] 1.98 6.95 3.22 

Strain at break [%] 0.25 0.24 0.18 

n n n 

E [GPa] 8 8 8 

Stress at break [MPa] 8 12 11 

Strain at break [%] 7 5 7 

Table A2.4: Comparison of moulding parameters for PLGC, assessed by tensile tests. 

296 



Appendix 3. Mechanical Properties 

APPENDIX 3. MECHANICAL PROPERTIES 

PCL PCLC PCLH PCL4B PCLIB 
average average average average average 

E [GPa] 0.32 0.64 0.66 0.68 0.67 
Yield stress (1% strain offset) [IVlPa] 14.13 15.8 17.05 14.89 15.53 
Strain at the above stress [%] 5.54 3.48 3.62 3.19 3.34 
Yield stress (0.1% strain offset) [iVIPa] 10.42 10.33 10.77 10.2 10.1 
Strain at the above stress [%] 3.45 1.73 1.76 1.61 1.62 

s.d. s.d. s.d. s.d. s.d. 
E [GPa] 0.02 0.03 0.06 0.02 0.03 
Yield stress (1% strain offset) [MPa] 0.73 0.84 1.02 0.37 0.43 
Strain at the above stress [%] 0.46 0.2 0.4 0.07 0.14 
Yield stress (0.1% strain offset) [iVIPa] 0.47 0.35 0.47 0.38 0.44 
Strain at the above stress [%] 0.31 0.11 0.22 0.1 0.12 

Table A3.1: Compressive mechanical properties for PCL and composites, n = 10. 

PCL PCLC PCLH PCL4B PCLIB 
n = 15 n = 13 n = 14 n = 15 n = 13 

average average average average average 
iVIaximum stress at yield [MPa] 18.35 13.27 10.86 10.89 10.92 

Stress at break [MPa] 38.08 15.94 17.64 12.10 15.72 

s.d. s.d. s.d. s.d. s.d. 
Maximum stress at yield [MPa] 1.12 0.19 0.07 0.78 0.11 

Stress at break [MPa] 6.68 1.25 1.40 1.06 0.16 

Table A3.2: Tensile mechanical properties for PCL and composites. 

DENSITY [g/cm^] AVG STDEV theoretical 

PLG 1.18 0.05 1.24 

PLGC 1.55 0.06 1.66 

PLGH 1.68 0.06 1.71 

PLG4B 1.20 0.12 1.61 

PLGIB 1.65 0.07 1.65 

Table A3.3: Average measured density and theoretical density values for PLG and 
composites. n = 47. 
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PLG PLGC PLGH PLG4B PLGIB 
n = 10 n = 10 n = 10 n = 24 n = 10 

average average average average average 
E [GPa] 3.37 5.52 5.92 3.51 5.92 
Yield stress (0.1% strain offset) [WlPa] 83.46 80.40 82.14 59.22 82.57 
Strain at the above stress [%] 2.58 1.56 1.49 1.81 1.50 
Maximum stress [MPa] 92.28 91.02 93.13 69.01 93.08 
Strain at this stress [%] 3.27 2.33 2.20 2.97 2.18 

s.d. s.d. s.d. s.d. s.d. 
E [GPa] 0.13 0.28 0.19 0.57 0.25 
Yield stress (0.1% strain offset) [MPa] 4.07 2.16 2.86 6.77 3.84 
Strain at the above stress [%] 0.09 0.07 0.07 0.17 0.04 
Maximum stress [MPa] 4.95 2.46 2.54 7.67 4.50 
Strain at this stress [%] 0.14 0.12 0.11 0.72 0.15 

Table A3.4: Compressive mechanical properties for PLG and composites. 

PLG PLGC PLGH PLGIB 
n = 20 n = 12 n = 12 n = 13 

average average average average 
E [GPa] 3.68 7.18 8.76 7.53 

Maximum stress [MPa] 65.33 45.56 51.02 35.78 

Strain at the above stress [%] 2.03 0.72 0.83 0.53 

Stress at break [MPa] 59.55 44.34 50.44 35.41 

Strain at this stress [%] 3.65 0.74 0.89 0.54 

s.d. s.d. s.d. s.d. 

E [GPa] 0^2 0.69 1.99 1.38 

Maximum stress [MPa] 2.18 7.20 9.85 7.33 

Strain at the above stress [%] 0.13 0.22 0.32 0.15 

Stress at break [MPa] 2.26 6.74 9.48 7.56 

Strain at this stress [%] 1.08 0.23 0.39 0.16 

Table A3.5: Tensile mechanical properties for PLG and composites. 
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APPENDIX 4. PROPERTIES FOLLOWING AGEING 
AND DEGRADATION 

storage Modulus 
[GPa] PLG PLGC PLGH PLG4B PLGIB 
Immersion time 
[days] 

avg avg avg avg avg 

0 3.28 6.21 6.08 3.05 5.92 

1 3.14 5.45 3.63 0.69 3.01 

3 3.06 4.55 2.88 0.15 2.63 

7 3.10 3.57 2.91 0.18 1.04 

14 3.12 2.98 3.26 0.10 1.47 

21 3.12 2.71 3.54 0.09 1.61 

s.d. s.d. s.d. s.d. s.d. 

0 0.06 0.27 0.16 0.22 0.05 

1 0.08 0.17 0.06 0.38 0.17 

3 0.06 0.33 0.16 0.09 1.70 

7 0.12 0.89 0,16 0.07 1.10 

14 0.18 1.61 0.19 0.03 1.25 

21 0.26 2.52 0.67 0.02 1.36 

n n n n n 

0 5 (250) 5 (250) 5 (250) 5 (250) 5 (250) 

1 5 (250) 5 (250) 5 (250) 4 (200) 5 (250) 

3 5 (250) 5 (250) 5 (250) 3(150) 5 (250) 

7 5 (250) 5 (250) 5 (250) 2(100) 3(150) 

14 5 (250) 5 (250) 5 (250) 2(100) 3(150) 

21 5 (250) 5 (250) 5 (250) 2(100) 3(150) 

Table A4.1: Storage modulus for PLG and composites after immersion in SBF. 
Numbers in brackets denote that each sample is an average of 50 readings for that 
sample. 
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Tan Delta PLG PLGC PLGH PLG4B PLGIB 
Immersion time 
[days] avg avg avg avg avg 

0 0.04 0.03 0.03 0.11 0.03 

1 0.05 0.04 0.06 0.20 0.07 

3 0.04 0.05 0.07 0.38 0.08 

7 0.04 0.05 0.07 0.37 0.17 

14 0.05 0.06 0.06 0.40 0.18 

21 0.05 0.07 0.07 0.43 0.21 

s.d. s.d. s.d. s.d. s.d. 

0 0.002 0.005 0.002 0.010 0.006 

1 0.003 0.002 0.003 0.052 0.004 

3 0.002 0.001 0.003 0.148 0.010 

7 0.002 0.003 0.003 0.201 0.120 

14 0.003 0.004 0.004 0.207 0.154 

21 0.002 0.015 0.004 0.254 0.210 

n n n n n 

0 5 (250) 5 (250) 5 (250) 5 (250) 5 (250) 

1 5 (250) 5 (250) 5 (250) 4 (200) 5 (250) 

3 5 (250) 5 (250) 5 (250) 3(150) 5 (250) 

7 5 (250) 5 (250) 5 (250) 2(100) 3(150) 

14 5 (250) 5 (250) 5 (250) 2(100) 3(150) 

21 5 (250) 5 (250) 5 (250) 2(100) 3(150) 

Table A4.2: Tan delta for PLG and composites after immersion in SBF. Numbers in 
brackets denote that each sample is an average of 50 readings for that sample. 

Wet 
w/eight 
t%] PLG PLGC PLGH PLG4B PLGIB 

Days avg avg avg avg avg 

0 0.00 0.00 0.00 0.00 0.00 

1 1.08 -0.14 1.24 22.39 3.50 

3 0.91 0.35 2.30 44.87 11.78 

7 0.96 0.82 3.63 50.55 23.63 

14 1.10 1.78 5.51 49.18 21.25 

21 1.25 2.86 7.25 47.52 18.66 

s.d. s.d. s.d. s.d. s.d. 

0 0.00 0.00 0.00 0.00 0.00 

1 0.29 1.55 0.14 2.16 0.44 

3 0.24 1.56 0.13 4.06 1.77 

7 0.18 1.58 0.19 2.34 0.78 

14 0.32 1.63 0.26 2.72 0.85 

21 0.18 1.65 0.68 1.96 1.85 

n n n n n 

0 5 5 5 5 5 

1 5 5 5 4 5 

3 5 5 5 4 5 

7 5 5 5 2 5 

14 5 5 5 2 3 

21 5 5 5 2 3 

Table A4.3: Percent change in wet weight for PLG and composite DMA samples 
after immersion in SBF. 
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Width 
increase 
[%] PLG PLGC PLGH PLG4B PLGIB 

Days avg avg avg avg avg 

0 0.00 0.00 0.00 0.00 0.00 

1 -0.59 -0.10 0.54 10.54 1.48 

3 -0.05 0.58 1.02 19.97 5.68 

7 -0.38 0.69 1.50 25.45 14.99 

14 -0.16 1.32 2.31 27.79 15.43 

21 -0.27 2.32 3.27 24.62 15.16 

s.d. s.d. s.d. s.d. s.d. 

0 0.00 0.00 0.00 0.00 0.00 

1 0.51 0.99 0.50 1.19 0.50 

3 0.52 0.69 0.30 3.59 0.80 

7 0.36 0.86 0.56 1.15 1.35 

14 0.24 0.90 0.41 2.17 1,57 

21 0.74 1.12 0.70 0.85 1.32 

n n n n n 

0 5 5 5 5 5 

1 5 5 5 4 5 

3 5 5 5 3 5 

7 5 5 5 2 5 

14 5 5 5 2 3 

21 5 5 5 2 3 

Table A4.4: Percent change in width for PLG and composite DMA samples after 
immersion in SBF. 

Mw Average, n = 2 PLG PLGC PLGH PLG4B PLGIB 

0 weeks 266000 160000 136000 24850 103500 

3 weeks 226000 145500 119500 14800 44600 

6 weeks 224000 132500 93000 5340 45300 

9 weeks 153600 129500 99800 15350 57650 

12 weeks 148000 131000 87550 14100 49650 

Table A4.5: Average Mw for PLG and composites after immersion in SBF. n-2. 

IVIn Average, n = 2 PLG PLGC PLGH PLG4B PLGIB 

0 weeks 119000 61800 56050 10200 46850 

3 weeks 104000 74750 60200 5825 16100 

6 weeks 102500 64600 42650 2705 15250 

9 weeks 70950 71400 42500 6110 30350 

12 weeks 61600 57150 39250 5470 28650 

Table A4.6: Average Mn for PLG and composites after immersion in SBF. n = 2. 
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% of raw PLG Mw 
remaining, Average, n = 2 PLG PLGC PLGH PLG4B PLGIB 

0 weeks 85.0 51.1 43.5 7.9 33.1 

3 weeks 69.1 44.5 36.5 4.5 13.6 

6 weeks 68.5 40.5 28.4 1.6 13.9 

9 weeks 47.0 39.6 30.5 4.7 17.6 

12 weeks 45.3 40.1 26.8 4.3 15.2 

Table A4.7: Percent of raw PLG Mw remaining for PLG and composites after 
immersion in SBF. n = 2. 

% of raw PLG IVIn remaining. 
Average, n = 2 PLG PLGC PLGH PLG4B PLGIB 

0 weeks 90.8 47.2 42.8 7.8 35.8 

3 weeks 61.7 44.4 35.7 3.5 9.6 

6 weeks 60.8 38.3 25.3 1.6 9.1 

9 weeks 42.1 42.4 25.2 3.6 18.0 

12 weeks 36.6 33.9 23.3 3.2 17.0 

Table A4.8: Percent of raw PLG Mn remaining for PLG and composites after 
immersion in SBF. n = 2. 

wet wt % PLG PLGC PLGH PLG4B PLGIB 

n Day avg s.d. avg s.d. avg s.d. avg s.d. avg s.d. 

3 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

3 1 1.06 0.49 0.52 0.19 0.88 0.20 31.69 1.14 2.80 0.28 

3 3 1.41 0.20 1.37 0.08 2.45 0.63 62.59 3.02 10.78 0.52 

3 7 2.33 0.34 2.34 0.39 4.66 0.39 74.14 12.56 17.49 1.40 

3 14 1.54 0.08 1.83 0.07 4.98 1.28 72.72 1.00 16.35 0.51 

8 21 1.83 0.50 2.65 0.61 5.17 0.58 71.17 6.44 25.27 11.02 

> 7 42 2.34 0.41 3.36 0.55 8.13 0.73 52.71 14.14 18.36 8.65 

8 63 3.15 0.92 8.48 1.30 15.57 1.82 36.75 3.67 -4.03 2.11 

8 84 4.51 0.66 7.21 1.99 13.53 2.53 20.37 10.41 1.10 1.71 

Table A4.9: Percent change in wet weight of compressive test specimens after 
immersion in SBF. 

dry wt % PLG PLGC PLGH PLG4B PLGIB 

Day avg s.d. avg s.d. avg s.d. avg s.d. avg s.d. 

3 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

3 1 0.03 0.14 0.10 0.09 0.07 0.06 -0.88 0.26 0.19 0.06 

3 3 0.09 0.09 -0.29 0.13 0.26 0.16 -4.36 0.12 0.24 0.31 

3 7 0.33 0.05 -0.03 0.28 0.42 0.14 -10.12 0,85 -2.46 0.49 

3 14 0.24 0.29 0.21 0.07 0.74 0.13 -14.92 1.38 -6.60 0.24 

8 21 -0.02 0.27 -0.62 0.48 0.07 0.40 -29.98 5.54 -11.30 2.40 

> 7 42 0.46 0.25 -0.34 0.69 0.64 0.17 -44.12 11.15 -21.54 5.08 

8 63 0.44 0.34 -1.22 0.25 0.90 0.46 -53.20 2.30 -38.35 2.49 

8 84 0.55 0.25 -1.51 0.49 0.35 0.32 -61.29 5.46 -34.72 1.62 

Table A4.10: Percent change in dry weight of compressive test specimens after 
immersion in SBF. 
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Volume 
change [%] PLC PLGC PLGH PLG4B PLGIB 

Day average s.d. n average s.d. n average s.d. n average s.d. n average s.d. n 

0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 

1 -4.01 1.73 3 -2.72 2.95 3 -0.73 3.86 3 54.51 5.78 3 12.17 1,45 3 

3 -1.30 0.78 3 -2.93 0.92 3 1.40 1.55 3 85.81 3.62 3 20.48 5,50 3 

7 -3.96 3.01 3 1.07 1.00 3 4.12 3.24 3 109.83 22.24 3 31.18 4.31 3 

14 -1.72 1.41 3 0.49 2.74 3 4.58 2.44 3 108.55 6.13 3 30.77 1.61 3 

21 0.97 2.15 8 7.86 2.36 8 13.62 2.25 8 108.20 8.67 8 52.76 15.94 8 

42 4.31 2.14 8 11.87 1.08 8 19.57 3.03 8 72.21 20.12 8 47.89 14,21 7 

63 5.51 1.94 8 18.14 3.92 8 30.19 2.63 8 63.36 9.40 7 26.19 2,16 8 

84 1.93 3.53 8 10.80 2.03 8 23.45 4.76 8 40.31 8.14 6 29.08 2,69 8 

Table A4.11: Percent change in volume of compressive test specimens after 
immersion in SBF. 

PLG PLGC PLGH PLG4B PLGIB SBF 

Days n avg s.d. n avg s.d. n avg s.d. n avg s.d. n avg s.d. n avg s.d. 

0 15 7.36 0.06 15 7.36 0.06 15 7.36 0.06 15 7.36 0,06 15 7.36 0,06 15 7,36 0.06 

1 6 7.25 0,03 6 7.25 0,03 6 7.29 0.03 6 7.32 0.03 6 7.27 0,02 6 7.23 0.03 

3 6 7.24 0,03 6 7.24 0,02 6 7,25 0,04 6 7.33 0.02 6 7.27 0.02 3 7.19 0.01 

7 9 7,28 0,06 9 7.33 0,05 9 7,33 0,05 9 7.44 0.02 9 7.36 0,05 6 7,26 0,03 

14 6 7.35 0,06 6 7.34 0,04 6 7,35 0,05 6 7.60 0.02 6 7.38 0,03 3 7.32 0.02 

21 3 7,27 0,01 3 7.30 0.00 3 7.31 0,01 3 7.67 0.01 3 7.39 0.01 3 7,25 0.01 

42 8 7.20 0,06 8 7.11 0.11 8 7.13 0,10 8 7.04 0.14 8 7.22 0.13 3 7,07 0,08 

63 8 7.22 0.07 8 7.17 0,12 8 7.18 0.09 8 6,95 0,25 8 7.24 0.07 3 7.02 0.18 

84 8 7.05 0.03 8 7.08 0.02 8 7.10 0.12 8 6.89 0.04 8 7,18 0.04 3 7,05 0,18 

Table A4.12: Change in pH of compressive test specimens after immersion in SBF, 
with average pH values of the SBF control fluid at each time point. 
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I i i i i i ie isioi i t ime in SBF: 3 WEEKS 6 WEEKS I WEEKS 12 WEEKS 
MateiinI: PLG PLGC PLGH PLG4B PLGIB PLG PLGC PLGH PLG4B PLGIB PLG PLGC PLGH PLG4B PLGIB PLG PLGC PLGH PLG4B PLGIB 

Average: / / 
E fGPal 2.57 1.90 1.46 0.01 0.23 2.48 1.50 1.16 0.00 0.16 2.51 1.13 0.86 0.07 0.24 2.13 1.03 0.76 0.19 
(TV (0.1% strain offset) tMPa| 75.12 48.15 37.08 0.23 7.49 77.24 41.57 29.49 4.94 74.04 31,34 23.10 7.35 76.69 34.26 25.70 6.19 
ty (0.1 % strain offset) [%i 
Force at oy (0.1 % strain offset) [N| 

3.02 2.63 2.64 4.11 3.56 3.24 2.87 2.64 3.54 3.05 2.E 2.82 3.19 3.73 3,45 3.54 3,52 
1176,66 787,78 632,02 6,20 155,31 1256,58 686.77 524,73 100,90 1185,13 520,74 420,14 130,37 1201,79 551,76 451,40 

qniax [MPa] 
113,87 

at ainax [%1 
80.82 0.34 17.21 82.03 0.47 4.47 80.41 0.31 14.60 82.08 10.61 

3.62 4.95 12.37 3.80 18.31 10,80 3,87 5,62 16,18 4,38 14,04 
Force at omax |N] 1269,15 9,58 322,18 1334,88 10,78 94,46 1287,26 6,67 259,18 1286,10 195,14 
oy (1% strain offset) [MPa] 57.11 45,76 0,17 10,63 49,71 36,34 6,29 39,54 27,86 9,49 43,10 31,27 7,53 
ty (1 % strain offset) [%1 4,01 4,14 2,20 4,32 4,13 5,32 4,52 4,27 5,00 5,23 5,17 5,15 
Force at oy (1 % strain offset) [N] 934,47 779,99 4,18 220,42 821,11 646,62 128,38 657,41 506,58 168,27 693,99 549,21 138,26 

S.O.; / / / / / / 
E [GPal 0,07 0,23 0,06 0.00 0.05 0.26 0.11 0.13 0.07 0.15 0,16 0,17 0,09 0,01 0,24 0,22 0,16 0,04 
gy (0.1% strain offset) |MPa| 4,06 6,06 2,09 0.12 2.24 4,31 4L12 3,33 1,86 4,55 4,54 3,45 0,30 5,47 7,70 3,03 0,79 
ty (0.1 % strain offset) | 0,12 0,17 0,10 2,85 1,59 0,31 0,12 0,14 1,34 0,10 0,36 0,26 0,29 0,26 0,28 0,49 0,69 
Force at ay (0.1 % strain offset) [N] 60,76 93,16 45,17 3,63 35.78 73,77 71,29 53,66 35,65 80,19 66,69 67,50 7.73 76.93 124.61 47.86 15,31 
oniax [MPal 4,28 0,21 5.75 4.36 4.78 0.02 1.13 5.86 2.30 
t at oniax |%[ 0.13 2.44 0.22 2.32 0.12 7.60 3.61 0.22 1.23 
Foice at oniax [N] 68,26 5,85 100,10 86,74 88,56 1,00 26,20 80,42 42,69 
oy (1% strain offset) [MPa[ 6,49 2,66 3,28 4,09 3,80 2,39 4,65 4,25 0,54 1,17 4,31 1,05 
l y (1 % strain offset) [%] 0,12 0,11 2,18 0,08 0,16 1,54 0,35 0,23 0,42 0,30 0,57 0,73 
Force at qy (1 % strain offset) [N] 98,33 58,51 54,70 72,86 61,31 46,10 67,71 82,39 12,15 131,75 69,66 19,18 

N u ni (i ef; of samples: / / / 

E [GPa[ 
qy (0.1% strain offset) [MPa[ 
ty (0.1 % strain offset) [%] 
Force at qy (0.1 % strain offset) [N] 
g i l l ax [MP a] 
( at q i i iax [° 
Foice at oniax [N] 
oy (1% strain offset) [MPa] 
ty (1 % strain offset) [%[ 
Force at qy (1 % strain offset) [N] 

Table A4.13: Compressive mechanical properties of the different materials following immersion in SBF. 
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Appendix 5. Cell Culture Protocols 

APPENDIX 5. CELL CULTURE PROTOCOLS 

Cell expansion and seeding (based on laboratory protocol) 

Cells were removed from storage under liquid nitrogen and defrosted by 

immersion in a 37 °C waterbath as quickly as possible, using agitation. 

1 ml cell suspension was added to a Beckton Dickinson T75 (75 cm^ culturing 

area) Tissue culture Falcon® flask (polystyrene) using a pipettor (Fisherbrand®, Fisher 

Scientific UK Ltd., Leicestershire, UK). 14 ml (to add to the 1 ml that the cells were 

suspended in to make 15 ml) media was added to the flask with an electric pippettor 

(Fisherbrand®, Fisher Scientific UK Ltd., Leicestershire, UK) using a stripette 

(Costar® strippette®. Coming, NY, USA). The flask was then placed in an incubator 

(NUAIR™ DH AUTOFLOW CO2 air jacketed incubator, NuAire Corp., MN, USA) 

at 37 °C, 5 % CO2 and left for 24 hours. 

Cells were observed under a light microscope (Leica DC300 optical 

microscope, Leica Microsystems (UK) Ltd., Milton Keynes, Bucks, UK) to ensure 

that they were growing (as indicated by an increase in number of cells and cells that 

were elongated in shape). 

Growth media, trypsin-ethylenediaminetetraacetic acid (EDTA) (Trypsin-

EDTA (IX) in HBSS w/o Ca and Mg w/EDTA., Gibco, Invitrogen Ltd., Paisley, UK) 

and phosphate buffered saline (PBS) (D-PBS + CaClz + MgCl], Gibco, Invitrogen 

Ltd., Paisley, UK) were heated to 37 °C in the water bath. 

The media covering the cells was aspirated by tipping it into a comer and 

removing with a strippette (tip of strippette should not touch the neck of the flask 

because any liquid there would act as a channel for bacterial ingress). 

Cells were washed with 10 ml PBS. This was then removed. 

5 ml trypsin-EDTA was added to the flask, and the flask was rocked 

approximately 3 times to ensure coverage of the cells. This was placed in the 

incubator for 40 s. The trypsin was then removed, and the flask was returned to the 

incubator for 4 min. 10 ml growth media was then added to the flask and mixed well 

(a windscreen wiper movement was made with the pipette to wash off the cells and 

then they were pipetted to break up any clumps). The suspension was assessed under 

the light microscope to ensure all the cells were detached (they looked rounded). 
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Cells were counted using trypan blue staining and a haemocytometer. 0.5 ml 

of the cell suspension was removed into a vial. 0.2 ml of this was removed and put 

into a tiny vial. 0.2 ml trypan blue stain (0.4 %, Gibco, Invitrogen Ltd., Paisley, UK) 

was added to this and it was pipetted to mix it. 

The haemocytometer was cleaned with 70 % industrial methylated spirit 

(IMS). The coverslip was placed on the haemocytometer. Cell suspension was added 

to both the top and bottom of the haemocytometer until a blue outline was present. 

The haemocytometer was placed under the microscope (xlO magnification) and cells 

in the top square and bottom square were counted. 

The following equation was then used to calculate the number of cells present: 

[(average cell number) / 9 ((giving average number of cells per square as there were 9 squares in each big square)) 

* 2 ((because the cell suspension was diluted by the trypan blue stain))] * 1 0 0 0 0 ((correction factor for the area of the 

square)) * 1 0 m L ((because the cells were in 10 mL growth media)) 

This gave cells/10 mL. 

For the 48 well plates (Nunclon™ surface nunc, Nalge Nunc International, 

NY, USA) the recommended working volume was 0.5 ml/well to ensure the materials 

were covered and there was sufficient media to sustain the cells. The wells had 1.1 

cm^ surface area. For the 24 well plates the recommended working volume was 1 

ml/well, the wells had 1.9 cm^ surface area. These parameters were used to calculate 

the cells/ml to obtain the desired cells/cm^ and to calculate the quantity of cell 

suspension to add to media to obtain the correct cells/cm^. 0.5 ml and 1 ml cell 

suspension was added to samples in the 48- and 24-well plates, respectively. The 

plates were stored in the incubator as described previously. 

Cells were fed every 2-3 days. Old media was removed and replaced by new 

media which was pre-warmed to 37 °C. 

Any excess cells in suspension were placed in a centrifuge vial, which was 

placed in the centrifuge (Eppendorf centrifuge 5804R, Eppendorg AG, Hamburg, 

Germany) with the same volume of water on the opposite side to balance the load. 

The cells were spun down at 1200 rpm for 5 mins. The liquid was gently removed 

from above the cell pellet. 1.8 ml foetal bovine serum (FBS, Gibco, Invitrogen Ltd., 

Paisley, UK) was added to the pellet which was pippetted to resuspend it. Presence of 

cells was checked under the microscope. 0.9 ml of the suspension was added to a 1 

ml cryovial. 100 fj.1 DMSO (Dimethyl sulphoxide (DMSO) Hybri-Max®, Sigma-
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Aldrich Company Ltd., Dorset, UK) was added to the vial. Vials were placed in a 

freezing container (Nalgene™ Cryo 1 °C Freezing container, USA), surrounded by 

100 % ethanol, which gave a controlled rate of cooling at 1 °C/min, and were frozen 

to -80 °C. 

DAPI & actin staining (based on laboratory protocol) 

Prepare the following substances: 

Permeabilising buffer: 

10.3 g sucrose (Sigma-Aldrich Company Ltd., Dorset, UK), 0.292 g NaCl 

(Fisher Bioreagent, Fisher Scientific UK Ltd., Leicestershire, UK), 0.06 g 

MgCla (Sigma-Aldrich Company Ltd., Dorset, UK), 0.476 g Hepes buffer 

(Sigma-Aldrich Company Ltd., Dorset, UK), 0.5 ml Triton X (Triton® X-100, 

iso-Octylphenoxypolyethoxyethanol, BDH Laboratory supplies, Dorset, UK), 

in 100 ml dH20. Mix with magnetic stirrer. Store at room temperature. 

TBS-TX wash buffer: 

100 ml non-sterile PBS with 0.1% (100 |il Triton X-100). Mix with magnetic 

stirrer. Store at room temperature. 

1% BSA/PBS: 

50 ml non-sterile PBS with 0.5 g BSA (Albumin, bovine (Sigma-Aldrich 

Company Ltd., Dorset, UK), initial fractionation by heat shock, minimum 

98%). Mix with magnetic stirrer. Can be stored in the fridge for 

approximately one week. 

Remove samples of interest from the culture wells and place in a fresh plate. 

Remove the old media from the empty wells. PBS rinse samples. 

Fix the cells by adding 4 % paraformaldehyde (PFA, BDH Laboratory 

suppUes, Dorset, UK) (in PBS) (pre-mixed by another laboratory member using 

laboratory protocol. 4 g PFA in 100 ml PBS). Leave at room temperature for 20 

mins. 

Remove the 4 % PFA and wash twice with PBS (can be stored overnight in 

fridge in PBS at this stage - covered with parafilm and labelled). 
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Remove the Phalloidin-FITC (5 [A at 1 p.g/ml in TBS-TX), place in 5 ml bijou 

tube, wrap with foil to protect from light and allow to defrost. 

Permeabilise using the permeabilising buffer for 20 min at 4 °C (i.e. put it in 

the fridge) 

Remove the buffer and add 1% BSA/PBS to each well and leave for 15 mins 

at room temperature. 

Turn off the laboratory lights. Remove the Phalloidin-FITC from the bijou 

tube (it should be defrosted). Add 2.5 ml non-sterile PBS to the bijou tube. .Use some 

of this PBS to remove the Phalloidin-FITC from the small vial and put it in the bijou 

tube to give a dilute solution. Cover from light when not in use. Stick down 

parafilm with a silver foil "lid". Add 50 ml drops of the liquid to the parafilm where 

the samples are to be placed. Remove the other liquid from the wells and use 

tweezers/needle to remove the samples. Turn them upside-down and place on the 

drops. Cover with the foil and leave at room temperature for one hour. Store the 

dilute Phalloidin-FITC in the fridge labelled and covered from light with silver foil. 

Place the samples back in the wells and wash three times for 5 min with the 

wash buffer. (Samples can be stored for 2 days under PBS if covered with parafilm 

and silver foil and labelled). 

Place samples on microscope slides (Menzel-Glaser® SuperFrost® ground 

edges 90°, Menzel GmbH + Co KG, Braunschweig), add a small drop of DAPI 

(VECTASHIELD® mounting medium with DAPI, Vector laboratories Inc., CA, 

USA) to each sample, place a coverslip on top (Borosilicate glass th No. 1.5, diameter 

13 mm, VWR International, Leicestershire, UK) and observe under fluorescent 

microscope. 

MTS assay (based on [201]) 

1. Rinse samples gently in clear media at 37 °C under sterile hood, move to new 

well to read only the activity of the cells on the samples, not those attached to 

the bottom of the well plates. 

2. Switch off sterile hood lights. 

3. Add 300 |il diluted MTS assay (2 ml MTS assay added to 10 ml clear media at 

37 °C) (Promega CellTiter96® AQueous One Solution Cell Proliferation Assay, 
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Promega Corporation, WI, USA) to each sample well (this is sufficient to 

cover samples) and two empty wells (control wells). 

4. Incubate at 37 °C in dark for 1 hour (determined by the saturation data 

described in Section 10.5.4). 

5. Add 100 [0.1 solution in duplicate to a 96 well plate. 

6. Read the optical density at 492 nm. 

SEM (based on Dr Gavin Jell's protocol, Materials Dept., Imperial 

College London) 

All at room temperature. 

1. Wash the samples twice with PBS (Gibco, Invitrogen Ltd., Paisley, UK). 

2. Fix the cells with 2.5 % glutaraldehyde (Glutaraldehyde solution 

(approximately 25 % for electron microscopy, BDH laboratory supplies, 

Poole, UK) in PBS for 40 min at 4 °C. 

3. Rinse with PBS twice. 

4. Dehydrate with graded series of ethanol (BDH AnalR® Ethanol, 99.7-100 % 

v/v, BDH laboratory supphes, Poole, UK) in dH20: 

a. 25 % (5 min) 

b. 50 % (5 min) 

c. 70 % (5 min) 

d. 90 % (5 min) 

e. 100 % (5 min) 

f 100 % (5 min) 

5. Incubate in hexamethyldisilasane (HMDS, Sigma-Aldrich Company Ltd., 

Dorset, UK) for 5 min. 

6. Incubate in fresh HMDS for 5 min. 

Samples are now ready for sputter coating. 
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ALP protocol (based on Miss Olga Tsigkou's protocol, Materials 

Dept., Imperial College London) 

Generating the ALP standard curve: 

I. Using laboratory stock p-nitrophenol (pNP) (0.0035 g pNP in 2.5 ml O.OIM 

NaOH) and alkaline buffer solution (ABS, 1.5M, Sigma-Aldrich Company 

Ltd., Dorset, UK) to make up the desired concentrations shown in Table A5.1. 

ALP Concentration [^M] pNP \nl] ABS [fil] 
600 60 (stock, 10 mM) 940 
300 500 (of 600 fiM) 500 
400 40 (stock, 10 mM) 960 
200 500 (of 400 fiM) 500 
100 500 (of 200 ixM) 500 
50 500 (of lOO^M) 500 
25 500 (of 50 jiiM) 500 

Table A5.1: ALP concentrations for standard curve. 

2. Incubate for 1 hour in dark at 37 °C. 

3. Add 50 )j.l 0.5N NaOH solution to stop the reaction. 

4. Add 150 fxl of each concentration in triplicate to a 96 well plate. (Use ABS as 

the normal control). 

5. Read at 450 nm. 

Generating the protein standard curve: 

1. Use laboratory stock BSA (1.5 mg/ml stock in dH20 gives 7.5 /zg protein in 5 

ml) and lysis buffer solution (100 jil 10% SDS (SDS, sodium dodecyl 

sulphate, Plusone®, Pharmacia Biotech, (in dHzO)) and 100 p,l O.IN NaOH 

solution ( ( in dHzO) Sigma-Aldrich Company Ltd., Dorset, UK) to create the 

protein concentrations shown in Table A5.2. 

Final Protein [#g] Protein to be added [^I] Lysis buffer solution [̂ 1] 
7.5 (stock solution) 30 (stock) 0 

&25 25 (stock) 5 

5 20 (stock) 10 

3J5 15 (stock) 15 

2.5 10 (stock) 20 
1.25 5 (stock) 25 
0.5 4 (stock) 36 

Table A5.2: Protein concentrations for standard curve. 
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2. Prepare REAGENT A' (10 ^1 REAGENT S in 500 ^1 REAGENT A = 

REAGENT A', mixed by shaking and pippetting). (Bio-Rad Dc Protein Assay 

Reagents A, S (BIO-RAD, CA, USA)) 

3. Take 5 jul from each standard protein concentration in triplicate and place into 

a 96 well plate. 

4. Add 25/xl REAGENT A'. 

5. Add 200 jUl REAGENT B (Bio-Rad Dc Protein Assay Reagent B (BIO-RAD, 

CA, USA)) (mix by pipetting gently to avoid bubbles). Create triplicate blank 

samples using dH20 + Reagent A' + 200 jU.1 Reagent B. 

6. Incubate for 15 min in dark at room temperature. 

7. Read at 620 nm. 

ALPase assay for 48 well plate: 

1. Wash samples gently x 4 with clear media (Dulbecco's Modified Eagle 

Medium; 0.1 micron filtered, high glucose, with pyridoxinehydrochloride, 

without L-glutamine, without sodium pyruvate, without phenol red. 

GIBCO™, Invitrogen Corporation) at 37 °C to remove unattached cells 

(place samples into fresh wells containing the media to prevent cells being 

washed off). 

2. Place samples in fresh wells so that only the cells on the samples, not on 

the floor of the wells are investigated. 

3. Use two wells as control wells, with reagents but no samples. 

Determination of p-nitrophenol quantity produced by cells 

4. Add 37.5 |al of pre-warmed (37 °C) alkaline phosphatase buffer (Sigma-

Aldrich Company Ltd., Dorset, UK)) and 37.5 |il of a p-nitrophenol 

phosphate solution (pNPP tablet (FAST^"^ pNPP, Sigma-Aldrich 

Company Ltd., Dorset, UK)) in 5 ml dH20), baste four times. 

5. Incubate for 1 hour in dark at 37 °C. 

6. Add 50 1̂ 1 0.5N NaOH solution to stop the reaction. 

7. Transfer 100 |j.1 of reaction solution into 96 well plates. 

8. Read at 450 nm. 

9. Calculate the net p-nitrophenol quantity in each group using the Standard 

Curve. 

311 



Appendix 5. Cell Culture Protocols 

Total amount of p-nitrophenol in each well (fxM) = (Sample OD - Blank OD) / 

(gradient of standard curve) 

(where OD = optical density, sample = material with cells, blank = material without 

cells and well without material). 

Determination of protein concentration in each test group 

1. Add 50 |a,l of 10 % SDS solution (SDS, sodium dodecyl sulphate, 

Plusone®, Pharmacia Biotech, (in dHzO)) and 50 p.1 O.IN NaOH solution ( 

(in dHzO) Sigma-Aldrich Company Ltd., Dorset, UK) to samples and 

baste 5 times. 

2. Incubate for 30 min at 37 °C. 

3. Pippette reacted solution over the samples (use a new pipette for each 

different material) to mix. 

4. Prepare REAGENT A' (10 ^1 REAGENT S in 500 \i\ REAGENT A = 

REAGENT A' mixed by shaking and pippetting). (Bio-Rad Dc Protein 

Assay Reagents A, S (BIO-RAD, CA, USA)) 

5. Transfer 5 |j.l of sample solution into 96 well plates (two lots of 5 jil per 

sample). 

6. Add 12.5 ^1 REAGENT A'. 

7. Add 100 |il REAGENT B (Bio-Rad Dc Protein Assay Reagent B (BIO-

RAD, CA, USA)) (mix by pipetting gently to avoid bubbles). 

8. Incubate for 15 min in dark at room temperature. 

9. Read at 620 nm. 

Total amount of protein in each well (|j,g) = (Sample OD - Blank OD) / (gradient of 

standard curve) 

Final ALPase activity (^M/mg of total protein/min) = [(Total amount of p-nitrophenol 

in each well) / (Total amount of protein in each well)] x 1000 ((to convert jig to mg)) / 60 ((this 

is incubation time in min)) 
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OC Immunostaining Protocol (based on Miss Olga Tsigkou's 

protocol, Materials Dept., Imperial College London) 

The effect of the materials on cell differentiation can be investigated by detecting 

the presence of OC by immunofluorescent staining. 

1. Cells were treated with lO'^M Vitamin D3 ( la , 25 Dihydroxyvitamin D3, 

dissolved in ethanol, Sigma-Aldrich Company Ltd., Dorset, UK) by 

addition of 10 pd of 10 )j.M vitamin D3 to 10 ml culture media 2 days prior 

to immunostaining. 

2. Samples were prepared for immunostaining as follows: 

a. Cells cultured on samples were rinsed with PBS (Gibco, Invitrogen 

Ltd., Paisley, UK), and fixed with 4 % PFA (PFA (BDH Laboratory 

supplies, Dorset, UK) (w/v) in PBS, pre-mixed by another laboratory 

member using laboratory protocol) for 20 min at room temperature. 

b. PFA was removed and samples were rinsed twice with PBS. 

c. Samples were stored in PBS at 4 °C for less than 1 month taking care 

not to dry out or to proceed straight to immunostaining. 

3. After storing samples at 4 °C, allow them to reach room temperature 

(approximately 10 min), wash twice with PBS. 

4. Permeabilise cells by incubating with 0.2% TritonX-100 (Triton® X-100, 

iso-Octylphenoxypolyethoxyethanol, BDH Laboratory supplies, Dorset, 

UK) by removing PBS and adding 0.5 ml 0.2% TritonX-100 for 20 min. 

(This permeabilises the cell membranes allowing the antibody access to 

the cell's cytoplasm) 

5. Remove TritonX-100 and wash samples twice with PBS. 

6. Block with 1:30 normal serum (1% (w/v) BSA (in PBS, Sigma-Aldrich 

Company Ltd., Dorset, UK) at room temperature for 30 min (add enough 

to cover the cells). This reduces non-specific binding of the antibody 

caused by hydrophobic interactions [206]. 

7. Tip off normal serum (tip over onto tissue to leave a little). 

8. Dilute the primary antibody (Ab. Bone Gla Protein, OC (anti-human) 

made in rabbit: Ig-BS, IHC. Biogenesis MorphoSys, Poole, UK) using 

diluent (1.0 g BSA/100 ml, O.Olg Azide (NaNs, BDH AnalR, BDH 
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Laboratory supplies, Dorset, UK)/100 ml) to a ratio of 1:50 

Antobody: diluent concentration. This antibody is specific for the intact 

osteocalcin molecule with the recognition site at the carboxyl terminal. 

9. Add 300 fil diluted primary antibody to each well. 

10. Leave overnight at 4 °C. 

11. Dilute the secondary antibody (Texas Red Anti-rabbit IgG(H+L) affinity 

purified. Made in goat. Vector laboratories Inc, CA.) using secondary 

diluent (1.0 g BSA in 100 ml PBS) to a ratio of 1:100 antibody:diluent. 

12. Remove primary antibody from samples and wash with PBS twice (5 min 

per wash). 

13. Remove PBS and add 300 /xl diluted secondary antibody to each well. 

14. Leave for 1 hour at room temperature in the dark. 

15. After 1 hour wash twice with PBS. 

16. Mount on shde with mounting medium containing DAPI for nuclear 

(DNA) staining and view under fluorescent microscope. 
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APPENDIX 6. PUBLICATIONS 

Simpson R.L., Nazhat S.N., Boccaccini A.R., Hill R., Hansen U.N., Amis A.A. 

Comparative Study of 95/5 Poly(L-lactide-co-glycolide) (PLG) with Different 

Particulate Fillers. 19th European Conference on Biomaterials, ESB2005, l l-15th 

Sept 2005, Sorrento, Italy. Poster Presentation P209. 

Simpson R.L., Wiria F.E., Amis A.A., Chua C.K., Leong K.F., Hansen U.N., 

Chandrasekaran M., Lee M.W. Development of a 95/5 poly(L-lactide-co-glycolide) / 

hydroxylapatite & /3-tricalcium phosphate scaffold as bone replacement material via 

selective laser sintering. Submitted. 
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