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Abstract

Phosphate-based glasses (PGs) and their composites are of interest as bone repair and tissue
engineering scaffolds due to the totally degradable nature of the materials. This study
investigated the effect of Si and Fe on the properties of PG particulate-filled polycaprolactone
(PCL) matrix composites. Two glass compositions were investigated (in mol%): 50 P,Os, 40
CaO and 10 SiO; or Fe;O5 (Sijo and Fey respectively). All composites contained 40 vol%
particulate filler, either of Sijo, Fejo, or a blend (40Si;o/0Fe1o, 30Siio/10Fe;q, 20Si,0/20Fe;q,
10Si10/30Fe;0, 0Si;o/40Fe;). lon release, weight loss and composite mechanical properties were
characterized as a function of time in deionised water (DW) and phosphate buffered saline
(PBS), respectively. The potential for calcium phosphate deposition was assessed in simulated
body fluid (SBF).

Calcium and phosphate ions release in DW increased in tandem with the rate of composite
weight loss, which increased with Sij, content. A Sijy content dependent rate of pH reduction
was observed in DW. At day 56, PG in 40Si,/0Fe;; composite completely dissolved, whereas
67% of the 0Si;p/40Fe|o remained. The initial flexural strength of 40Si,o/0Fe;, composites was
significantly lower when compared to the other materials. An increase in Si;y content led to an
increase in Young's modulus and a concomitant decrease in flexural strain. It was found that the
PCL molecular weight (M,,) was significantly decreased with an increase in Sijo content. FTIR
analysis showed that Si incorporation into PG led to their reaction with the PCL ester bonds
resulting in a reduction in PCL M,, when processed at elevated temperatures. Changes in
mechanical properties with time in PBS were glass blend dependent and a more rapid rate of

reduction was observed in Sijo dominant composites. At day 28 in SBF. surface deposited



brushite was formed in 20Si;5/20Fe; PG containing composites. Therefore the properties of

PCL-PG composites could be tailored by controlling the phosphate glass blend composition.



1. Introduction

Composites are an attractive approach as biomaterials since advantageous properties of different
materials can be combined to satisfy the required mechanical and physiological demands of the
host tissue [1, 2]. Composites based on biodegradable polymers and bioactive ceramics have
been considered for bone tissue engineering, reconstruction and repair [3-5]. Incorporation of
ceramics and glasses into the polymer matrix should improve not only the mechanical properties
of the material, but also its bioactivity and biological behaviour [6]. Therefore, bioactive fillers
of calcium phosphates have been incorporated in degradable polymers [7-12]. Since the
composition of the filler, its content and solubility are parameters that can influence composite
properties, the tailoring of such properties is paramount. However, not all calcium phosphate
materials are necessarily ideal. For example, hydroxyapatite (HA) or bioactive silicate-based
glasses do not reflect the required dissolution properties [13]. Therefore, producing a
biodegradable composite material with controllable dissolution criteria is essential in bone repair
and regeneration. For this purpose, phosphate-based glasses (PGs) may be a potential alternative
as the inorganic phase of biodegradable composites [14, 15].

PGs provide a diverse range of solubility, which can be predicted and controlled by altering their
composition [16-19]. Numerous binary, ternary and quaternary PGs have been developed [16-
25]. A ternary glass system based on 45P;05-XCa0-(55-X)NaO,, where X was between 8 and
40 mol%, was developed by Franks er al. [18]. An inverse relationship between CaO content and
the solubility was observed, which was linear over time for glasses containing up to 20 mol%
CaO. It was suggested that Ca®* and its interaction with the glass network were the dominant
factors of dissolution. In high CaO content PGs, an ion exchange process and a gradual

breakdown of the glass network were two suggested processes responsible for dissolution. Salih



et al. [26] investigated the potential of this glass system for bone regeneration and suggested
that, at higher CaO content, greater amounts of Ca’" are released with lower dissolution rates,
which has an essential role in cell activation mechanisms affecting cell growth. However, a
sharp change in pH associated with high release rates of Na” and PO,’ has an adverse effect on
cells in highly soluble glasses and unfavourable cellular responses associated with glasses of
high Na” content. Ahmed et al. [27] partially substituted Na-O by Fe>Os in PG to provide more
control over solubility. Fe;O5 addition up to 5 mol% resulted in a decrease in solubility by one
order of magnitude and an increase in the glass transition temperature due to the formation of
more hydration resistant P-O-Fe bonds [28]. This formulation also allowed the adhesion and
proliferation of myoblasts in vitro. Incorporation of SiO, into PG, on the other hand, has been
shown to increase their solubility. PG with the composition of 50P,05-30Ca0-(15-X)Na,0-
5Fe;03-XSiO, was investigated by Patel and Knowles [16]. The substitution of SiO, up to 3
mol% resulted in glasses with a lincar solubility behaviour reaching 20% weight loss at day 7,
whereas the addition of 5 mol% led to glasses with a non-linear solubility behaviour reaching
60% weight loss at day 4.

The versatility of PG properties may be translated to a composite system by incorporation into a
degradable polymer. However, this has largely depended on the glass composition, which has
tended to be based on one type of filler [6-9]. Therefore, in this study, PG particles (50P>Os-
40Ca0-10X) where X is either Fe,O3 or SiO, were incorporated into polycaprolactone (PCL) to
serve as a degradable composite biomaterial for potential applications in bone repair and
regeneration. It is hypothesised that PCL incorporated PG particulate blends of different

formulations will tailor the composite properties. Changes in structural and mechanical



properties in deionised water and phosphate buffered saline, and the potential for a calcium
phosphate deposition by conditioning in simulated body fluid were investigated.

2. Experimental

2.1. Materials

2.1.1. Phosphate glass particulate (PGP) production

Two melt derived glass compositions were prepared using P,Os, CaHPO,, Fe,Os, and SiO,
(Sigma Aldrich, UK) as starting materials. The precursors were mixed and placed into a
Pt/5%Au crucible (Birmingham Metal Company, UK), and heated to 400 °C for half an hour to
remove moisture. They were then melted at 1150 °C for 90 min, poured onto a steel plate and
quench cooled to room temperature. Table | lists the glass compositions and codes. Bulk glass
was ground using agate media in a vibratory cup mill (KHD Humboldt Wedag AG MN 954/2,
Christison Scientific Equipment Ltd, Gateshead, UK) for 6 min and sieved for 20 min using
three-sieve stacks of 105, 75, and 53 pm. Approximately 67% passed through the 53 um sieve in
the allocated grind time.

2.1.2 PCL-PG composite production

PCL-PGP composites were prepared by first dissolving PCL (average Mw ~65,000. Sigma
Aldrich, U.K.) in chloroform (Laboratory grade, Fisher Scientific) at 7% (v/v) followed by
addition of appropriate amounts of PGP and the solution was allowed to mix for 20 min. The
solution was then ultrasonicated (Precision Ultrasonic Cleaner from Ultrawave Limited, Cardiff,
UK) for 1 min, and poured into a 13.5 cm-diameter petri dish. Films were then prepared by
solvent casting at room temperature for two days. Composites of approximately 1.6 mm
thickness were produced from five films placed in a metal shim, and heat-pressed (Daniels

Down-stroke Press, UK) at 100 °C. The films were heated for 30 min and pressed for 30 min at



38 bar, after which they were immediately cooled in a second press (Daniels Up-stroke Press,
UK) at room temperature for 30 min at the same pressure. Table 2 lists composite compositions
and codes. Composites containing 40 vol% PG particles, either of Sijo, Feyo or a blend
(40Si,0/0F ey, 30Sij0/10Feqq, 20Si10/20Fe o, 10Si;0/30Fe 0. 0S1;0/40Fey(), were prepared.

Neat PCL plaques (also 1.6 mm thick) was also produced by melt pressing PCL for 30 min at 38
bar and cooling in the cold press at room temperature for a further 30 min at 38 bar.

2.2. Characterisation of the PCL-PGP composites

2.2.1. Ageing in deionised water (DW)

PCL-PGP composites were aged in DW for up to 56 days by placing 10 x 10 x 1.6 mm’
specimens (n=3) into vials containing 25 ml of ultra-pure deionised water (18.2 MQ cm
resistivity) and incubating at 37 °C. lon release, composite weight, and pH of the ageing
environment were measured at 14 different time points 0, 2. 4, 8, 24, 48, 96, 168, 336, 504, 672,
840, 1008, and 1344 hours.

Anion and cation release through PGP dissolution were measured using ion chromatography (IC)
and atomic absorption (AA), respectively. IC (Dionex. DX-100 lon chromatograph) was used in
order to measure phosphate anion (PO4*) release. An lonpac® AS14 anion exchange column was
used to elute the polyphosphates. An eluent of 3.5 mM Na,CO3/0.1 mM NaHCO; was used with
a flow rate of 0.1 ml/min. The sample run time was 15 min. Sodium phosphate tribasic (NasPOy)
(Sigma, Canada) was used to prepare standard solutions. A 1000 ppm working solution was
prepared from which serially diluted 10, 20, and 50 ppm standard solutions were obtained. AA
(Varian AA240FS) was used to investigate the release of Ca®’, Fe’', and Si*" cations. The

instrument was calibrated using certified AA standard solutions.



The weight change of the composites was investigated by removing the specimens from DW,
blot drying, weighing and replacing in fresh deionised water. Weight loss was measured in terms
of percentage of original weight. The final dry weight at day 56 was measured by first incubating
the specimens at 37 °C until an equilibrium weight was reached. The pH of the deionised water
was also measured using a pH meter (Accumet Excel 20, Fisher) at each time point.

2.2.2. Morphological investigations using scanning electron microscopy (SEM)

SEM (JEOL JSM 6100, Tokyo, Japan and Hitachi S-4700) was used to investigate the
morphology of the composites before and after ageing in DW. Both secondary electron (SE) and
back scattered electron (BSE) modes with accelerating voltages of | and 10 kV. were used
respectively. The samples were cryo-fractured and the resulting fracture surfaces were coated
with gold or palladium using sputter coaters.

2.2.3. Composite initial mechanical properties and as a function of time in PBS

Three-point bend flexural mechanical analysis was used to measure the mechanical properties of
the composites. The effect of PG formulation on composite mechanical properties was
investigated through changes in flexural strength, Young's modulus, and strain at maximum
stress. Tests were performed on initially produced and PBS (Sigma Aldrich, CA) aged specimens
stored at 37 °C and tested at days 7 and 28. Weight loss upon PBS ageing was monitored prior
to mechanical testing, by first drying the specimens. At least three repeat specimens were tested
with a cross-head speed of I mm/min using a | kN load cell and according to ASTM D 790-
95a:1996 (aspect ratio > 16) in an Instron mechanical testing instrument 5582 (Instron Ltd).
2.2.4. Molecular weight determination

Gel permeation chromatography (Water Breeze) was used to investigate the molecular weight

(My) of PCL both after composite fabrication and at day 56 in DW. The GPC was equipped with



both ultraviolet (UV 2487) and differential refractive index (RI 2410) detectors and three Water
Styragel HR columns (HR1 with molecular weight measurement in the range of 102 -5x10°
g/mol, HR2 with molecular weight measurement range of 5x10% -2x10* g/mol, and HR4 with
molecular weight measurement range of 5x10° - 6x10° g/mol and a guard column. The columns
were kept at 40 °C. Tetrahydrofuran (THF) flowing at a rate of 0.3 ml/min was used as the
mobile phase. Each sample dissolved in THF was filtered through a 0.2 pm syringe filter
(Anotop25, Fisher) to remove PGP prior to injection into the module.

2.2.5. Fourier transform infrared spectroscopy (FTIR)

FTIR spectroscopy was used to investigate the structural changes in the PCL matrix due to its
potential interactions with PGP when processed at high temperature. Polymer and composite
films (Table 2) were first prepared through solvent casting (low temperature) and then heated
while spectra were collected. Composite films of approximately 75 pm thickness were prepared
by first dissolving PCL pellets of I g in 23.5 ml chloroform and the appropriate amounts of PGP
were added to the solution and ultrasonicated for 5 min.

FTIR spectroscopy was carried out using a Perkin Elmer Spotlight 400 FTIR microscope
connected to a Spectrum 400 infrared beam source (Perkin Elmer Instruments. Canada) on disk-
shaped specimens (nominal diameter of 13 mm) mounted on a KBr disk (N9302615, Perkin
Elmer). The microscope was used in transmission mode in the mid infrared region (4000-650
em’) with a resolution of 8 cm™ and number of scans of 8. A heating chamber was used
(BriskONE, BriskHeat Corp.) to increase the temperature from 25 to 60°C at 25°C/min, hold for
10 min, then increase to 100°C and hold for 60 min. The system was then cooled down to room
temperature for 30 min. The Spectrum Timebase v2.0 software (Perkin Elmer) was set to record

the spectra every 20 s. Since the film was thin enough for the Beer-Lambert law to be valid, the



changes in the IR spectrum during the thermal process are an indication of chemical
modifications. The kinetics of the PCL degradation at 100°C was investigated as proposed by
Blaker et al. [29].

2.2.6. Conditioning in simulated body fluid (SBF)

Three repeat specimens (10 x 10 x 1.6 mm’) of each composite were placed into vials containing
60 ml of SBF and incubated at 37 “C. The SBF solution was prepared according to Kokubo er al
[30] and replaced every 3 days. The containers were removed from the incubator at days 7, 14,
and 28. Precipitates formed on the surface of the composites were analysed using SEM (Hitachi
5-4700) and X-Ray powder diffraction (XRD, Bruker D8). Composite weight change and SBF
pH were also measured at regular time intervals.

3. Results

3.1. Ageing in DW

3.1.1. Anion release (PO,")

Figure 1-a shows the PO,” ion release measurements as a function of time. There was an
increase in PO," ion released with an increase in Sijo glass content in the composites. A prompt
release of PO, was observed for PCL-PGP | in the first 24 hours. The rate of PO,> ion release
decreased considerably by substituting Siy with Fejo; however, there was a continual release of
PO,” ion over time for PCL-PGP 2-5.

3.1.2. Cation release (Ca’", Fe*', Si*")

Figure 1-b shows the Ca®" ion release as a function of time. By increasing the Sio content in the
composites, a higher rate of Ca’" ion was released. As expected the highest Si** ion release
(Figure 1-c) was observed for PCL-PGP 1. The other composites showed similar release profiles

up to approximately the 200 hour time point, after which a continual release of Si*" was observed



for the duration of the study. Interestingly, more Fe’* ions were released as the Sijo content
increased (Figure 1-d).

3.1.3. Weight loss measurements

The weight change of the composites in DW are shown in Figure 1-e in terms of the percentage
of original weight versus time. A prompt weight loss was observed for both PCL-PGP | and 2
(up to 168 h) which was followed by a much slower rate of weight loss, reaching approximately
42% in PCL-PGP 1. PCL-PGP 3 showed a similar profile, however. with a lower rate of weight
loss that was continual up to day 56, whilst PCL-PGP 4 displayed an even slower rate of weight
loss, reaching 17%. PCL-PGP 5 on the other hand showed a weight gain at day 4, which was
followed by a slow and continual weight loss up to day 56. Neat PCL demonstrated no weight
loss in the entire ageing period.

Table 3 gives the final dry weight of the composites at day 56. Data revealed that there was no
residual glass left in PCL-PGP 1 and 2. The residual glass in PCL-PGP 3. 4. and 5 were
approximately 12, 44, and 67%, respectively, demonstrating intermediate dissolution levels
based on the percentages of Sijpand Fey,.

3.1.4 pH change

The associated change in pH of DW was measured at each time point for all materials and is
shown in Figure 1-f. The pH values of PCL-PGP | dropped significantly at early time points and
then increased rapidly to the initial pH value, indicating that all the glass had dissolved. All other
composites demonstrated similar behaviours, with the exception of PCL-PGP 5 which showed a
delayed decrease in pH. Overall a slower rate of pH reduction was seen with an increase in Feqo

content. The pH of neat PCL remained relatively constant.



3.2. Morphological investigations

Figure 2-a shows a SEM micrograph of an as-prepared PCL-PGP 3 composite as an example of
glass particle distribution within the polymer matrix. Figure 2-b revealed that at day 56 in DW,
both glass particles and pores were present in this composite. Porosity was thus attributed to the
rapidly dissolving Sijo glass particles as EDS analysis revealed that the remaining PGP were
from glass code Feyo (data not shown). In contrast, no glass particles were observed in PCL-PGP
I at day 56 (Figure 2-c). These images corroborate with the weight loss data given in Table 3.
3.3. Mechanical property changes in PBS

Figure 3-a shows the weight loss of the composites aged in PBS and demonstrates a similar
weight loss effect seen in DW. Final dry weight of PCL-PGP | confirmed that all the glass
particles had dissolved. In contrast, PCL-PGP 5 resulted in a 7% weight loss at day 28, and the
other composites gave intermediate levels. Initial mechanical analysis (Figure 3 b-d) of the
composites revealed that the flexural strength of PCL-PGP | was significantly lower (p<0.05) as
compared to the remaining composites tested. PGP incorporation resulted in a significant
increase in Young's modulus which was composition dependent and tended to increase with Sio
content. The modulus values ranged from 0.3+0.03 to 1.5+0.20 to 3+0.78 GPa for PCL, PCL-
PGP 5, and PCL-PGP 1 respectively. In parallel, the strain at maximum stress decreased
significantly (p<0.05) by increasing the Si, content.

The mechanical properties of neat PCL did not change significantly by ageing in PBS, while
those of PCL-PGP decreased progressively, with the composites with higher Si; contents
demonstrating a more rapid decrease. For example, at day 7 in PBS, while the strength of PCL-
PGP 2 and 5 decreased by 85 and 26%, respectively, PCL-PGP 1| properties could not be

measured due to their loss of integrity. At day 28 in PBS, the Young’s modulus values of PCL-
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PGP 2 and 5 decreased by 90 and 28%, respectively while flexural strain underwent a similar
significant decrease for these composites (83 and 69% for PCL-PGP 2 and 5, respectively).

3.4. Molecular weight determination

Figure 4-a shows the PCL. M,, in the various composites. There was a slight change in PCL M,,
in PCL-PGP with no or low Sijy content (PCL-PGP 4 or 5). However, PCL M,, significantly
decreased in PCL-PGP with higher Sij, content. For example, PCL. My, in PCL-PGP | decreased
14,000 g/mol. PCL-PGP composites containing both Fejo and Sijo showed intermediate M,,
values. PCL M, did not appear to be considerably affected by DW conditioning (Figure 4-a).
Polydispersity index of the PCL-PGP also did not vary from that of neat PCL and was not
affected by PGP formulation (Figure 4-b).

3.5. FTIR analysis

The fractional absorbance (¢) change of the carbonyl peak (1728 cm"). expressed as (725, for
PCL and PCL-PGP composites is shown in Figure 5-a. PCL-PGP 5 did not show changes when
compared to neat PCL. However, there was a considerable increase of y72¢ for PCL-PGP | and
3 with thermal treatment time at 100 °C, indicating that greater changes in the absorbance and
fractional absorbance change derivate (do/dt) were observed at higher Si, content. Therefore, a
greater and faster reduction in PCL My, is expected at higher Sijo content. The full spectrum of
PCL-PGP I before and after thermal treatment is presented in Figure 5-b. There was a reduction
in the absorbance of the carbonyl peak and an appearance of the carboxylate peak at 1634 cm™.
While the formation of carboxylate peak was not observed in PCL and PCL-PGP 3, it became
more apparent as the Sijo content increased as in the case of PCL-PGP 3 and 1 (Figure 5-¢). In

addition, reduction of the ester absorbance peaks for the asymmetric C-O-C stretching (1240 cm’
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", 0C-0 stretching (1190 cm™), and the symmetric C-O-C stretching (1170 cm™) were
observed.

3.6. Conditioning in SBF

The weight change of the composites in SBF are shown in Figure 6-a in terms of the percentage
of original weight versus time. A prompt weight loss was seen for PCL-PGP | (up to 168h)
which remained constant thereafter. PCL-PGP 2 and 3 showed similar behaviours: however. with
lower rates of weight loss. A weight gain was observed for PCL-PGP 4 and 5 in the first 48 and
168 h, respectively, followed by a slow rate of continuous weight loss. No weight loss occurred
in the neat PCL.

The associated change in pH of the SBF up to 1 week is shown in Figure 6-b. While no change
in the pH of SBF medium was observed for neat PCL, the pH of all the composites decreased
significantly over time to below 4, the rate of which increased with Si;o content.

Figure 7(a-c) shows the images (at days 7, 14 and 28), SEM micrographs (at day 28), EDS as
well as XRD patterns (Figure 7 d and ¢) of the precipitates formed by conditioning in SBF for
PCL-PGP 5, 3 and 1. Precipitates were observed on the surfaces of PCL-PGP 2-5. In contrast.
no precipitates were found on PCL-PGP 1. EDS analysis confirmed the presence of calcium,
phosphorous and oxygen. XRD patterns of PCL-PGP 3 are presented in Figure 7-d, initially, and
at days 14, and 28 in SBF. These revealed the formation of brushite (dicalcium phosphate
dihydrate, DCPD) precipitates on the surface of the specimens at the latter time point. Figure 7-¢
compares the XRD patterns of the surface of PCL-PGP 1, 3 and 5 at day 28. While the pattern of
PCL-PGP 1 confirmed no brushite formation, the pattern of PCL-PGP 5 suggested a brushite

formation potential.



4. Discussion

In this study, particulates of two different PG formulations were incorporated into PCL to
potentially produce biodegradable composites of tailored properties for intended applications in
bone augmentation and regeneration. While the reinforcement was kept at 40 vol%, the glass
composition was varied between two ternary based formulations ranging from a high content of
Si0; to Fe;0;5. PG glasses are soluble in aqueous media and upon dissolution can deposit a
calcium phosphate (depending on formulation) that may prove to be bioactive. However, to
achieve such a goal, the solubility and its effect on composite properties, e.g. structure and
mechanics, should be tailored. An ultimate challenge in bone regeneration is the balance between
the rate of tissue growth and that of biomaterial degradation. Therefore, by incorporating two
different PG formulations with varying solubilities in a degradable polymer matrix, degradable
composites with diverse properties could be produced. By doping PG glasses with Fe, the cross-
linking between the glass polyphosphate chains are strengthened [21], resulting in higher glass
stability (and low solubility). On the other hand, Si can break down the phosphate glass network,
leading to higher solubility [16].

Ageing in deionised water showed that the rate of weight loss of the composites was dependent
on Sijo content. As previously reported by Ahmed e al [31], the release rates of PO, and Ca®
ions were in line with the rate of glass dissolution. While Si*" release was dependent on Sijo,
interestingly, Fe’" showed a similar dependency. The latter can be explained by the rate of ion
release dependence on water uptake. With increasing Sio content, the water ingress led to
porosity and greater exposure of Fejo glass particle to water leading to their dissolution and an
increase of Fe'* release. In the case of PCL-PGP 5, Fe’" release was delayed and coincided with

a weight gain in these composites at day 4, indicating the two simultaneous mechanisms: water
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uptake occurring in the matrix and at the filler-matrix interface with eventual dissolution of PGP
resulting in weight loss. Since the solubility of Feyq glasses is relatively low, the weight gain is
dominant at early time points. Once the polymer matrix is saturated. weight loss becomes
prominent due to glass dissolution [6].

As a consequence of higher solubility, a rapid rate of pH reduction was observed in Si;y PCL-
PGP containing composites. The higher release rate of the phosphate species led to an acidic
medium through the formation of phosphoric acid [6, 28]. However, by substituting Siyo with
Feio PGP, the rate of release of phosphate species and pH change was reduced.

In Feyy containing composites, glass particles were still present at day 56 in deionised water.
Therefore, in composites containing blends of glass formulations, pores, formed by rapid
dissolution of the Sijo PGP and remnants Fe,y PGP were observed. By controlling the initial
glass particle size and through their dissolution, defined pore sizes could be created. An
advantage of such a structure, in vivo, would be that if the pores were designed to be
interconnected, an increase in the potential for nutrient and oxygen perfusion and cell migration
and growth would be achieved, while favourable ionic species would still being released. In
addition, the newly formed porous composite maintains its mechanical properties for longer time
periods.

Flexural mechanical analyses were performed to measure the mechanical properties of the
various composites, initially and post ageing in PBS. Initially, there was no significant change in
flexural strength in the composites relative to neat PCL except for the Sij, containing PCL-PGP
composites. On the other hand, the Young’s modulus of PCL-PGP composites was significantly
higher than the modulus of PCL, which increased with an increase in Si;o PGP. Ahmed er al [32]

studied the flexural properties of a binary PG fibres (50P,05-50Ca0) reinforced PCL and
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showed that there was no significant change in strength. However, the modulus displayed a five-
fold increase from 0.5 to 2.4 GPa at 18 vol%. Previously Georgiou et al [6] demonstrated a
significant increase in the storage modulus of PGP incorporated polylactic acid composites at 20
wt%. In this study, the increase in modulus was also accompanied by a significant decrease in
the strain at maximum stress. These effects indicated a higher level of particle-matrix interaction
that result in more stress transfer between the particles and the matrix, thus leading to a higher
modulus and reduced matrix ductility at the vicinity of the particles with lower strain at
maximum  stress. Given that all inclusions were at 40 vol%, it was hypothesised that an
interfacial interaction between PGP and PCL occurred during their processing, which increased
with an increase in Sijo content. It has been previously reported that silicate based glasses [29]
can cause polyester chain scission (reduction in M) when processed at elevated temperatures. In
this study, PCL. M,, determination revealed similar results, where there was dramatic decrease in
M,, with an increase in Si;s PGP content, which was not demonstrated with Fe;, PGP. In turn.
this affected the mechanical properties of the as prepared composites [29, 33, 34]. The ageing of
the composites showed no significant change in PCL My, thus confirming that the changes were
due to the glass particle dissolution.

The ageing of Sijp PCL-PGP in PBS caused a dramatic decrease in its mechanical properties.
The rate of decrease was considerably less in composites of increasing Fej, content. This was in
line with the weight loss behaviour and the potential for pore generation due to Si;o dissolution.
Since the solubility of Fe,, was relatively low, the material can retain its mechanical properties
for longer periods of time by increasing the Fejo content. These differences support the
hypothesis that the mechanical property retention characteristics of these composites may be

controlled by altering the PGP blends.



ATR-FTIR on the composites revealed an increase of the fractional absorbance change at 1728
cm'l, i.e. a decrease in the absorbance of the C=0 bond peak, in the presence of the Si;o while no
such reduction occurred in neat PCL and PCL-PGP 5 (supplementary data). By increasing the
amount of Sijo contents in the composite, the extent of these changes was higher and occurred at
a faster rate. Moreover, formation of a carboxylate peak (1634 em™) became evident in the
presence of Sijp and did not occur for neat PCL and Fe;, dominant composites. This and
accompanying changes in the ester data suggest that Si containing glasses react with the ester
bonds due to the high processing temperatures involved. This reaction breaks down the ester
bonds and leads to the formation of carboxylate by-products which result in the formation of
lower molecular weight polymer as has been proposed by Blaker et al. [29] for silicate based
glasses (e.g. Bioglass™).

Weight loss in SBF displayed a similar trend to that in DW; however, at a lower extent due to the
presence of ions in SBF. The pH of SBF was reduced to below pH 4, which was controlled by
Fejp content (i.e. the higher the Fejo content the lower the dissolution). SBF conditioning
resulted in the formation of brushite on the surface of PCL-PGP 3 at day 28. According to the
calcium phosphate phase diagram, several calcium phosphates can form with a well defined
solubility among which only one can be most stable [35]. Therefore, in true thermodynamic
equilibrium, phases with greater solubility exist in metastable equilibrium. Ultimately, the
metastable phosphates will transform to stable compounds via intermediate phases. The
composition of the solution is fixed at a singular point where the isotherms for two phosphates
cross over and the position at which the solubility of the salts interchange. The singular point for
brushite (CaHPO4.2H,0) and HA (Ca;o(PO4)s(OH),) is at a pH of 4.3 at 25 °C [35]. Brushite

and HA are stable below and above this pH, respectively [35]. Franks et al [18] confirmed that



the formation of a brushite precipitate is an indication of the bioactivity of phosphate-based
glasses, where brushite is a possible precursor to the formation of apatite [18, 36]. Abou Neel et
al [37] showed that in the case of PG based on 50P,0s-(1 5-20)Na,0-30Ca0-(0-5mol%)TiO,, no
evidence of apatite formation was observed at day 14 in SBF despite favourable cell response
and gene up-regulation. In this study, evidence of brushite formation was only observed at day
28 for mixed glass formulations indicating that longer times were required for calcium phosphate
precipitate formation on the surface of these glasses as in the case of PCL-PG3. PCL-PGP 1
showed no precipitation, which was probably due to the very rapid dissolution rate of Si; where
there was a dramatic increase in the amount and rate of PO, ion release in the first 24 hours. In
contrast, PCL-PGP 5 rate of dissolution was very slow. Therefore, the use of mixed glass
formulations could control the amount and rate of ion release where there is a significant effect
on the potential for calcium phosphate precipitation. The rate of resorption and associated ion
release of bone graft substitutes has been highlighted as an important factor in their successful
application [38]. Future studies will focus on the biological properties of the composites of
mixed reinforcements through their interactions with osteoblastic cells.

5. Conclusions

The effect of mixed phosphate glass fillers with different formulations on the properties of PCL
composites was investigated. Whilst no weight loss was observed for PCL alone over the course
of this study, incorporating high and low solubility phosphate-based glass formulations into a
composite resulted in a wide range of weight loss rates, from very high for 40%Si,,-0%Fe,, to
very low for 0%Si5-40%Fe;o. Blends of both Sijy and Fe,, showed intermediate weight loss
rates. As a consequence, Sijg PGP led to the formation of porosities while Fe o PGP remained in

the composites for longer time periods. A correlation was observed between the amount of Si;g



content and ions released, where the release of PO,”, Ca®, Fe¥', and Si** ions increased
significantly with Si;, content.

Composite mechanical properties were also affected by glass formulation, both initially and as a
function of time in PBS. An increase in Sio content, led to a reaction between PG and PCL
matrix when processed at high temperature, causing chain scission and a concomitant reduction
in molecular weight, which significantly reduced the mechanical properties of the composites.
Reinforcements of mixed glass formulations resulted in a lower decrease rate of mechanical
properties through ageing in PBS. At day 28 in SBF, brushite formation was indicated on the
surfaces of the composites of mixed glass formulations. Therefore, incorporation of mixed
phosphate glass fillers within degradable polymer matrices may be effective in tailoring the

properties required for bone repair and regeneration.
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Table 1 Glass formulations and codes

Table 2 Composites compositions and codes

Table 3 Weight loss and residual glass of the samples in the final dry weight of the specimens
after 56 days. There was no residual glass in the composites containing high amount of Si, glass
and low amount of Fejo. The percentage of remaining glass increased with an increase in the
amount of Feyq

Figure captions

Figure 1 Ageing of PCL and PCL-PGP composites in DW incubated up to 56 days at 37 °C. (a)
PO,> (b) Ca* (c) Si*" and (d) Fe’*"ion release from PCL-PGP composites. Anion and cation
release increased with increasing Sijp content. (¢) Weight loss measurements, and (Hh pH
changes. An initial decrease was observed for composites containing Sio which increased with
Sijo content in the composites.

Figure 2 SEM micrographs of (a) as processed cryo-fractured PCL-PGP 3 composite, (b) PCL-
PGP 3 at day 56 immersion in DW, and (c) PCL-PGP 1 at day 56 in deionised water. As
processed composites showed well dispersed and attached PGP on PCL matrix. While all Sij,
PGPs underwent dissolution in PCL-PGP 1 at day 56, there were residual Fe,; PGPs in the
composites.

Figure 3 Mechanical property changes in PBS (a) Weight loss of neat PCL and PCL-PGP
composites at days 7 and 28 ageing in PBS, wet, and at day 28, dry. As processed and post PBS
conditioning flexural mechanical properties of PCL and PCL-PGP composites: (b) flexural
strength, (¢) Young’s modulus, and (d) strain at maximum stress. Initial flexural strength

remained almost constant via the addition of PGP except for PCL-PGP 1 where a statistically
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significant (P<0.05) decrease was observed. By increasing Sijo content, Young’s modulus
increased, and strain at maximum stress decreased significantly. After ageing in PBS, the
decrease in mechanical properties was considerably higher for high Si;p dominant composites
compared to high Fe;o dominant composites.

Figure 4 (a) Molecular weight, and (b) polydisersity index of neat PCL and PCL in the
composites, as processed and post conditioning in DW. There is no difference in the molecular
weight of PCL. My, in the Fey containing composites when compared to the neat PCL.. However,
there was a decrease in PCL. M,, with increasing Sijo content. There was no change in PCL M,,
in all systems as a consequence of conditioning in DW. Similarly the polydispersity index
remains almost constant.

Figure 5 FTIR analyses. (a) The fractional absorbance change of carbonyl peak (1728 cm™) for
PCL and PCL-PGP composites. There was a considerable increase of ¢755 for PCL-PGP 3 and 5
during thermal treatment at 100°C. (b) FTIR spectra of PCL-PGP 1 before and after the thermal
treatment. There was a reduction in the absorbance of C=0 peak at 1728 cm™', and a concomitant
appearance of a carboxylate peak at 1634 cm™. (¢) Comparison of the carboxylate peak
formation for PCL and PCL-PGP composites. The carboxylate peak became more apparent as
the Sijy content in the composites increased as shown in PCL-PGP 3 and 1. Neat PCL and PCL-
PGP 5 displayed no carboxylate peaks.

Figure 6 (a) Weight loss of PCL and PCL-PGP composites through conditioning in SBF. A
significant weight loss was observed for high Sij, containing composites. (b) pH changes
obtained for PCL and PCL-PGP composites up to | week in SBF. While there was a prompt

reduction in the pH to below 4, the required time for this reduction increased with Fejo content.
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Figure 7 Analyses of the precipitates formed on PCL-PGP composites through conditioning in
SBF. Images at days 7, 14, and 28, SEM micrographs and EDS spectra at day 28 of (a) PCL-
PGP 5, (b) PCL-PGP 3, and (c) PCL-PGP 1. XRD patterns of (d) PCL-PGP 3 as made, and at

days 14 and 28 in SBF, and ¢) PCL-PGP 5, 3, and | at day 28 in SBF.
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Figure 5
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