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Abstract

Hydroxyapatite/polylactide (HA/PLA) composites have been intensively
investigated for their potential as biodegradable fixation devices to heal
bone fractures. However, most of these composites failed to achieve a
bone-mimicking level of mechanical properties, which is an essential demand
of the targeted application. In this study, the nano-hydroxyapatite/polylactide
composites were used as the matrix and continuous phosphate glass fibres
(PGF) served as the major reinforcement to obtain the nano-HA/PGF/PLA
hybrid composites. While the PGF volume fraction remained constant (25%),
the nano-HA content (in weight) varied from 0% to 20%. As nano-HA load-
ing increased, the flexural modulus of the composites increased from 8.70 +
0.35 GPa to 14.97 * 1.30 GPa, and the flexural strengths were enhanced from
236.31 + 10.83 MPa to 310.55 + 22.88 MPa. However, it is found that the
degradation rates are higher with more nano-HA loaded. Enhanced water
absorption ability, as well as increased voids in the composites is possible
reasons for the accelerated degradation of composites with higher nano-HA
loading. The hybrid composites possess mechanical properties that are supe-
rior to most of the HA/PLA composites in previous research while maintain-
ing the biodegradability. With a proper loading of nano-HA in composites of
10 weight percent, the composites are also found with improved mechanical
properties without catastrophic degradation. The composites developed in
this study have great potential as biodegradable bone fixation device with en-
hanced load-bearing ability as confirmed and superior bioactivity as antici-
pated.

DOI: 10.4236/msce.2018.611002 Nov. 30, 2018 13

Journal of Materials Science and Chemical Engineering


http://www.scirp.org/journal/msce
https://doi.org/10.4236/msce.2018.611002
http://www.scirp.org
https://doi.org/10.4236/msce.2018.611002
http://creativecommons.org/licenses/by/4.0/

L.Z. Heetal.

Keywords

Phosphate Glass Fibres, Polylactide, Hydroxyapatite, Hybrid Composites,
Mechanical Properties

1. Introduction

Stabilization of fractured sites is essential in the healing process of bone frac-
tures. The most common practice nowadays is implantation of internal fixation
devices, such as fixation plates and screws, to limit the strain of fractured bone
segments for endochondral osteogenesis [1]. Regarding the materials of fixation
devices, metals including stainless steel, Co-Cr-Al alloys and titanium alloys are
most commonly used due to excellent mechanical strengths, good biocompati-
bility, cost-effective manufacturing and ease of handling [1] [2]. However, many
problems arise with the use of metallic implants. The corrosion of metals results
in loosening of implants and release of metal ions (Cr, Co, Ni, etc.) which lead to
severe long-term damage to organ [2] [3]. The mismatching of mechanical stiff-
ness between metals and human cortical bone might lead to stress shielding of
the new bones, resulting in osteoporosis of regrown bones and risks of second-
ary bone fractures [4]. Finally, secondary surgeries to remove the implants after
recovery might bring further complications and pains to the patients [5]. It is
therefore considered that to eliminate the problems mentioned above, the novel
materials shall possess bone-mimicking mechanical properties so that the im-
plant is just stiff enough for the load-bearing activities in daily life without trig-
gering the stress-shielding. Meanwhile, the implant should be fully re-
sorbed/degraded in the human body after the healing process is done.
Polylactide (PLA) is considered a candidate material for biodegradable ortho-
paedic implants due to excellent biocompatibility and the ability to complete
biodegradation in the term ranging from 10 months to 4 years [5] [6] [7]. Nev-
ertheless, the elastic modulus of PLA alone is much inferior to those of human
cortical bones, calling for reinforcements with high stiffness to be incorporated
in PLA matrix, so that the composites possess higher modulus and the conse-
quent enhanced load-bearing ability for fracture fixation [8]. One of the most
studied reinforcements is hydroxyapatite (HA) [9] [10] [11] [12]. It is the main
component of the inorganic phase in human bones and has an excellent affinity
towards native bones. Therefore, it has been widely applied as a bioactive agent
(e.g. coating) to improve the bonding strength between HA coated/containing
implants and native bone structures [7]. Additionally, the high stiffness (mod-
ulus ranging from 80 to 110 GPa [13]) makes it a common reinforcement in po-
lymer composites for biomedical application. An impressive research by Shiki-
nami et al. reported that the forged HA/PLA composites possess mechanical
properties mimicking human cortical bones, and more importantly, with excel-
lent bone-union bioactivity and bioresorbability evidenced by a 5-year in-vivo
implantation study [14] [15] [16]. Except for this series of research, however, few
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studies succeeded in fabricating the HA/PLA composites with bone-mimicking
mechanical properties. Therefore, the HA/PLA composites are rarely applied as
bone fixation device where excellent load-bearing ability is demanded.

To further improve the mechanical properties of HA/PLA composites, an
idea is to incorporate fibres as major mechanical reinforcement, while the HA
serves as secondary reinforcement and bioactive agents. Shen et al. reported
that the incorporation of nano-hydroxyapatite (nano-HA) improved the bend-
ing strengths and moduli of unidirectional carbon fibre/nano-HA/PLA compo-
sites, which peaked at 430 MPa and 22 GPa respectively and were close to the
upper limit of human cortical bones [17]. Su et al. prepared chopped glass fi-
bres/nano-HA/polyamide 66 composite screws/plates via injection moulding.
The composites possess bone-mimicking mechanical properties, good biocom-
patibility and the HA contributed to enhanced bone union strength comparing
to titanium counterparts [18]. However, these composites were partially de-
gradable, and the leftover components might lead to further complications.

In order to improve the mechanical properties of HA/PLA composites while
maintaining the biodegradability, phosphate glass fibre (PGF) is chosen as the
fibre reinforcement in this study. The phosphate glasses fibre possess high ten-
sile modulus (40 - 80 GPa) as received [19]. When immersed in aqueous envi-
ronments, the PGF dissolves slowly to release calcium, phosphate and magne-
sium that are beneficial for bone regrowth. The PGF has been intensively inves-
tigated as biodegradable reinforcements in the biomedical composite. Parsons et
al. reported that by manipulating the contents and structure/alignments of
phosphate glass fibres, the initial mechanical properties of PGF/PLA composites
were optimized, with the highest initial flexural strengths and modulus reaching
350 MPa and 30 GPa, respectively [19] [20]. The mechanical properties, as well
as their retention against degradation, were further improved by surface treat-
ment on PGF with coupling agents [20] [21] [22] [23] or surface roughening
[24] [25]. Plates, rods and screws of these PGF reinforced composites were fa-
bricated by compression moulding and forging processes [26] [27], demonstrat-
ing the excellent processing ability of PGF in biodegradable composites for bio-
medical application. While the PGF/PLA composites have been well known for
their strength, there is currently no study that investigate the effects of replacing
the one-phase PLA matrix with the HA/PLA composites. With the use of com-
posite matrix, the mechanical properties of composites is expected to be further
improved, and more importantly, the HA might contribute to improved
bone-bonding activity of the implants. Prior to biological investigation begins, it
is necessary to investigate the mechanical properties and the degradation beha-
viour of these ternary composites.

In this study, hyrbid biodegradable composites with nano-HA/PLA as matric-
es, unidirectional PGF as well as nano-hydroxyapatite as reinforcements were
prepared by solvent casting-hot pressing process. The mechanical properties, as
well as the degradation behaviour of the hybrid composites were investigated to

evaluate the potential of these composites as potential biodegradable fixation de-

DOI: 10.4236/msce.2018.611002

15 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2018.611002

L.Z. Heetal.

vices.

2. Materials and Methods
2.1. Materials

Polylactide (3251D, Natureworks®, USA) was used as thermoplastic matrix of the
composites. Nano-hydroxyapatite (HAPO1, Hualan Chemistry®, China) was
purchased from Hualan Chemistry, and phosphate glass fibres with chemical
composition as (P48-B12-Mg20-Cal4-Fe5-Nal) was kindly provided by Sino-
ma’, China [28]. Dichloromethane (DCM, 99.8% for HPLC, Sigma- Aldrich®,
USA) was selected as organic solvents. Phosphate buffered saline (PBS) was pre-
pared from P4417-100TAB (Sigma-Aldrich®, U.S.A.) by dissolving 1 tablet in

200 ml of deionized water.

2.2. Preparation of Nano-HA/PLA Composites

The nano-HA/PLA composites were prepared via dissolution-solvent evaporation
methods. For each specimen group, different amount of nano-hydroxyapatite
(HAPO1, Hualan Chemistry®, China) was weighted and cast into 300 ml of dich-
loromethane and homogenized using mechanical stirrer. Then, 40 g of PLA pel-
lets were cast into the nano-HA/DCM suspension and stirred until all PLA was
dissolved. The resultant nano-HA/PLA/DCM slurry was ultrasonicated for 10
minutes (JP-060S Sonicator, Skymen®, China). Finally, the slurry was cast into
steel dishes, left in a fume hood overnight for solvent evaporation before sent
into the oven for 48 hours of vacuum drying at 45°C. The temperature was
higher than the initial boiling point of DCM for effective removal of this organic
solvent [29]. The final weight fraction of nano-HA in the slurry (and consequent
matrix) were controlled to be 0 (control group), 5, 10, 15, and 20 wt%. This
weight fraction number is consistent with the nano-HA loading stated in the rest
of this work.

The dried nano-HA/PLA composite was placed into hot-presser (ZG-50T,
Zhenggong®, China) for preheating at 210°C for 20 min and pressed at 20 Bar
for 30 s to produce HA/PLA films with thickness around 0.2 mm. The films were
finally trimmed into 140 mm x 128 mm rectangles and stored at 37°C for 24

hours before use.

2.3. Preparation of Unidirectional PGF Mats

A continuous bundle of PGFs was manually wound onto a PMMA cylinder to
make the unidirectional fibre mat. These PGFs were then sprayed with 2 wt%
PLA/DCM solution and left in a fume hood overnight for solvent evaporation,
then trimmed into 140 mm x 128 mm unidirectional PGF mats. The mats (~7

g/piece) were stored in 37°C oven for 48 hours before use.

2.4. Preparation of Hybrid Composites

A stainless-steel mould with a 140 mm x 128 mm X 2 mm cavity was sand-
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wiched by 2 pieces of PTFE cloths and 2 stainless steel plate. 3 pieces of PGF
mats and 8 pieces of nano-HA/PLA films were symmetrically sandwiched
(A/B/A/B/A/B/A, where A stands for 2 nano-HA/PLA films and B stands for 1
piece of PGF mat) and inserted into the mould cavity. Such assemblies were sent
into the hot-presser, heated under 210°C for 15 minutes, and followed by
10-minute pressing under the static pressure of 30 Bar, then cold-pressed for 10
minutes to obtain hybrid composite plates. The pressure, temperature and
processing time were determined so that the PGF within composites remained
straight without curving, and voids inside the composites were minimized. With
this method applied, the fibre volume fraction within the composite plates was
controlled to be ~25%.

2.5. Mechanical Testing

Composites plates were cut into 40 mm X 15 mm X 2 mm specimens using a
bandsaw, and polished with sanding paper to clean the edges. Then, the speci-
mens were subjected to 3-point bending tests in accordance with BS EN ISO
14125:1998. An MTS® E45.105 universal testing machine with 50 kN load cell
was used for these tests, with the rate of the cross-head set at 1 mm/min. For

each batch of test specimens, the mechanical testing was carried out in triplicate.

2.6. Degradation Studies

A 28-day degradation study was done to track the variation of media uptake,
mass loss and flexural properties of composites. The specimens were immersed
in glass vials filled with 30 ml phosphate buffered saline and stored in 37°C oven
(DHG-9075A, Yiheng®, China). PBS was refreshed every 2 days. At the time
point 1, 3, 7, 11, 14, 21 and 28 day of degradation period, specimens were taken
out, blot-dried with tissue and weighted for their wet mass. Then, mechanical
testing according to 2.4 was done. The tested specimens were stored in 37°C
oven for 5 days and weighted again for dried mass. Water absorption (WA) and
mass loss (ML) were calculated as below:

_ Mw_Md

WA x100% (1

d

w=Mi=Ma 1009 (2)
M

d

where M, is the mass of specimens blot dried after being taken out from PBS
(thus contain moisture), M, is the mass of specimens after 5 days of drying, and

M, is the initial mass of specimens.

2.7.SEM Imaging

The specimens were sputtered with 5 nm gold using the high vacuum film depo-
sition systems (EM SCD500, Leica®, Germany). The sputtered specimens were
imaged using the scanning electron microscopes (Sigma VP, Zeiss®, Germany) at

secondary electron mode.
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2.8. Statistical Analysis

Statistical analysis was performed with GraphPad Prism (version 7.00, GraphPad
Software, San Diego, CA, U.S.A) with unpaired t-tests. Confidence level was 95%.

3. Results
3.1. Initial Mechanical Properties

The initial mechanical properties of as-prepared composites are shown in Figure
1. As weight fraction of nano-HA in matrices increased from 0% to 20%, a gra-
dual increase of average flexural strengths from 236.31 = 10.83 MPa to 310.55 +
22.88 MPa was observed. Comparing to the control group (bi-phase PGF/PLA
composites with 0% nano-HA), the relative increment of flexural strengths are
approximately 9%, 11%, 19% and 31% as nano-HA loading increased by every
5%, respectively. On the other hand, the flexural modulus are improved from
8.70 + 0.35 GPa to 14.97 * 1.30 GPa as nano-HA contents increased by every
5%, which are 15%, 19%, 29% and 72% higher than the control group. The en-
hancement of flexural modulus are statistically significant in specimens con-

taining 15% and 20% nano-HA in matrices (p < 0.05, t-test).

3.2. Degradation of Mechanical Properties

Mechanical properties during the 28-day degradation period were also characte-
rized at 7 time points, except for specimens with 20 wt% nano-HA, as break
down of specimens are found after 11 days of degradation, resulting in insuffi-
cient valid specimens for testing. As shown in Figure 2, flexural strengths of
these composites all decreased due to degradation. Composites with 5 and 10
wt% nano-HA maintained higher flexural strengths comparing to control group
by Day 11, yet no statistical significance is confirmed (p > 0.05, t-test). Beyond
this time point, the control group showed the highest flexural strengths and fi-
nally dropped to a similar level with others on Day 28. Composites with 15 and
20 wt% nano-HA presented much higher initial flexural strengths at the begin-
ning, however, reduced drastically as soon as within 1 day, especially for speci-
mens with 20 wt% nano-HA with their strengths almost halved. The reduction
continued and average strengths fell below that of the control group after Day 3.
Reduction of modulus is similar to strength reduction (see Figure 3). For
composite with less than 10 wt% nano-HA loading, the flexural modulus re-
duced quickly to ~3 GPa after 14 days, with no statistical significance observed
in this period. In contrary, flexural modulus of composites with 15 and 20 wt%
nano-HA loading are significantly lower (p < 0.05, t-test) than control group

since Day 3, suggesting a catastrophic reduction of stiffness in a short time.

3.3. Water Absorption, Mass Loss of Composites and pH Value of
Immersion Media

The water absorption profile is diagrammed in Figure 4. In general, water ab-

sorption occurred within the first 24 hours of immersion in PBS and continued
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going up in the whole degradation period. Comparing to the control group, spe-
cimens with 5 and 10 wt% nano-HA showed slightly higher water absorption. In
contrast, specimens with 15 and 20 wt% nano-HA loading showed much higher
water uptake percentage comparing to other composites during the whole de-
gradation period, especially for specimens with 20 wt% nano-HA, which showed
the highest water uptake and remained significantly higher than other groups in
the whole period (p < 0.05, t-test). In summary, water absorption increased dur-
ing composite degradation, and more importantly, with higher nano-HA con-
tents in the composites.

Figure 5 depicted the mass loss profile after degradation. In general, mass loss
increased during the period of degradation, with strongly significant (p < 0.01,
t-test) mass loss observed from all composites after 3 days of immersion in PBS.
However, no obvious relationship between mass loss and nano-HA contents was

observed in the current study.
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Figure 1. Initial mechanical properties of hybrid composites with different na-
no-HA contents. Error bars represent standard error (n = 3). *: statistically signif-
icant (p < 0.05, t-test), **: strongly statistically significant (p < 0.01, t-test), com-
paring to values of control groups (where nano-HA contents = 0%).
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Figure 2. Degradation of flexural strengths in hybrid composites with different
nano-HA contents in matrices. Error bars represent standard errors (n = 3).
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Figure 4. Water absorption profile of hybrid composites with different na-
no-HA contents in matrices. Error bars represent standard errors (n = 3).
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Figure 5. Mass loss profile of hybrid composites with different nano-HA
contents in matrices. Error bars represent standard errors (n = 3).
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The pH values of immersion media are recorded and shown in Figure 6.
Generally, the pH value decreased in the first 14 days of degradation studies,
then gradually increased (as compensated with the replenishment of immersion
media) to ~7.0 during Day 14 to Day 28. The lowest average pH recorded in this
study was 5.81 * 0.06 from composites with 5 wt% nano-HA on Day 14. No sig-
nificant relationship between pH and nano-HA content is confirmed.

3.4. Appearance of Degraded Composites

The photos of degraded composites are shown in Figure 7. For composites with
0% - 15% loading of nano-HA, degradation of PGF can be clearly seen starting
from the cut edges and developed into the centre of specimens. When the na-
no-HA content was 20 wt%, severe failure of composites including significant

swelling (Day 14) and total crush (Day 21) are shown in Figure 7C.

pH

15 T T T T T T T T T >

0 3 6 9 12 15 18 21 24 27 30
Days of Degradation

—0—0% ocche 5% e=Xe= 10% = 15% === 20%

Figure 6. pH profile of immersion media for hybrid composites with different
nano-HA contents in matrices. Error bars represent standard errors (n = 3).

B 20% (D14) 88 20% (D28) ( 20% (D14)

Figure 7. Photos of specimens with 0 - 15 wt% nano-HA in matrices at the different
stages of degradation (A), and photos of degraded specimens with 20 wt% nano-HA in
the matrices on Day 14 (left) and Day 28 (right), in top view (B) and front view (C).
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3.5. SEM Imaging

The SEM images of pristine fractured surfaces after 3-point bending tests as well
as the polished cross-sections of the composites are shown in Figure 8. As na-
no-HA loading is below 5 wt%, fractured PGFs are clearly seen at the pristine
fractured surfaces of composites. For specimens with 10 and 15 wt% nano-HA,
pulled-out fibres as well as voids left by these fibres are observed. When na-
no-HA loading increased to 20 wt%, loose fibre bundles without resin impregna-
tion are found from the fractured surface. For the ground-polished cross-sections
of composites, it is clearly seen that fibres were generally well-embedded in the
matrix when the nano-HA loading was below 10 wt%. Voids are found sur-
rounding the PGF the nano-HA content increased to 15 wt%. With further in-
creased nano-HA content of 20 wt%, it is clearly seen that the fibres were sur-
rounded by voids without being impregnated with the nano-HA/PLA matrix.

Two images of typical degraded specimens were shown in Figure 9. For spe-
cimens with 5 wt% nano-HA loading, struts of PGF showing weakened interface
was seen after 3 days of degradation. This is a typically found appearance in
composites with less than 10 wt% nano-HA loading. In the case of composites
with 15 or 20 wt% nano-HA, however, layers of PGF bundles delaminated from
the polymer-rich matrix, as seen in Figure 9(b).

4. Discussion
4.1. Initial Mechanical Properties

As indicated in numerous publications [14] [30] [31] [32], the materials desig-
nated for the bone fixation should possess similar mechanical properties as hu-
man cortical bones, in other words, flexural strengths of 50 - 150 MPa and flex-
ural modulus of 7 - 30 GPa [8]. Comparing to these values, the mechanical prop-
erties of all hybrid composites investigated in this study are bone-mimicking and
therefore suitable for the application of long/load-bearing bone fixation. These
results are much superior to most of the HA/PLA binary composites reviewed,
and similar to those ternary HA/PLA composites with fibres reinforcements.

It is found that both flexural modulus and flexural strength of hybrid compo-
site are improved with higher nano-HA loading. The two properties are both
important index to evaluate the load bearing properties of biomedical implants,
with the strength as an indicator of ability to resist fracture and the modulus as
an indicator of ability to resist deformation. However, the two properties are not
necessarily correlated in polymer-based composites [33], and the effects of vary-
ing loadings of particulate reinforcements must be independently discussed.

It is known that the hydroxyapatite possesses high Young’s modulus of 80 -
110 GPa, which is much higher than that of PLA alone (3.6 GPa,) [13] [34].
Therefore, the stiffness of HA/PLA composites is improved with increasing
loading of the rigid particles of HA [33] [35], which has been demonstrated with
numerous HA/PLA composites regardless of the manufacturing method [9] [11]

[14]. Given that the modulus and contents of fibre reinforcements remained
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constant, the flexural modulus becomes higher as the stiffness of the matrix is
improved [17] [36].
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Figure 8. Fractured surfaces (A-E) and ground polished cross-sections of speci-
mens (F-J), with 0 wt% (A, F), 5 wt% (B, G), 10 wt% (C, H), 15 wt% (D, I) and 20
wt% (E, ]) nano-HA loading in matrices.
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Figure 9. Fractured surfaces of specimens with 5 wt% (a) and 20
wt% (b) nano-HA loading after 3 days of degradation in PBS.

The flexural strengths of the composites are also improved with increasing the
nano-HA loading. Unlike the relationship between the nano-HA loading and
modulus of composites, there is no absolute relationship between the strength of
composites and nano-HA content. Shen ef al reported that for the na-
no-HA/carbon fibre/PLA composites, the flexural strengths increased as na-
no-HA loading increased from 0 to 15 wt%, beyond which the strengths dropped
significantly [17]. Similarly, Hong et al. reported a much lower critical nano-HA
content of 5 wt% in their HA/PLA composites [11]. In other studies, however,
the strength of composites reduced as micro/nanoparticles of HA content in-
creased [9] [35]. This is also reported in our previous study investigating the
E-glass fibre/nano-HA/PLA ternary composites [37]. The reason for this com-
plication is related to many factors, including the interfacial strength between
HA and matrix polymer as well as the dispersion of HA in composites. In gener-
al, a good interfacial strength and uniform dispersion of particulate reinforce-

ments in the polymer are desired for strengthened composites. However, the
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high surface energy and hydrophilicity of HA facilitates the agglomeration of
HA in PLA, which is a hydrophobic polymer. The agglomerates of HA might
easily lead to stress concentration in composites and facilitates the failure of
composites [33]. Back to the current study, the gradual increments of flexural
strengths are found with increasing nano-HA loading. Comparing the methods
applied in our previous study of E-glass fibres/nano-HA/PLA composites, an
additional ultra-sonication process was applied to the nano-HA/PLA/DCM slur-
ries during the preparation of nanocomposite matrices. This process is consi-
dered to have dispersed the nano-HA particles homogeneously without severe

agglomeration, consequently help to strengthen the composites.

4.2. Degradation of Hybrid Composites

For all the composites prepared, deterioration of flexural properties is confirmed
since the first day of immersion in PBS, and 50% reduction of both strengths and
moduli are recorded by the 11" day of degradation. The significant reduction of
flexural properties within such a short period is attributed to the open ends of
composite specimens, which expose the PGF and fibre-matrix interface to the
degradation medium. As such, wicking of water along the unidirectional fibres
occurred from the outer area into the central part of test specimens, as seen in
Figure 7A. In addition, compromised interface strength was resulted, indicated
by the struts of pulled-out fibres (instead of fractured fibres before degradation)
in Figure 9(a) [19].

The variation of flexural properties indicates that the degradation rates are le-
velled up with increasing nano-HA loading. While no significant difference
among composites with 0 to 10 wt% nano-HA content is confirmed, catastroph-
ic degradation is found from composites with 15 and 20 wt% nano-HA loading,
whose flexural properties reduced by more than 60% in 3 days, comparing to no
more than 32% reduction of strengths and modulus from the other three groups.
The extreme case is the composite with 20 wt% nano-HA loading, as only 10%
of initial flexural modulus survived on Day 3. Meanwhile, the mass loss profile
of composites and moderate pH variation was recorded, suggesting that the dis-
solution of PGF is unlikely to account for this quick degradation.

There are two possible reasons for the accelerated degradation with increased
nano-HA loading. The first one is related to the enhanced hydrolysis at the fi-
bre-matrix interface due to increased water uptake ability induced by nano-HA.
Lin et al. reported that mass loss and pH reduction were more pronounced from
composites with higher HA contents and suggested that the surface area of PLA
in contact with immersion media is increased as an effect of increased HA in-
corporation. As a consequence, degradation of composites is accelerated with
increasing HA loading [38]. It is known that hydroxyapatite was hydrophilic,
and the surface wettability of HA/PLA composites with higher HA loading is
found to increase [39] [40]. Therefore, the water infusion is facilitated in com-

posites with higher nano-HA loading, and the hydrolysis at the fibre-matrix is
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consequently intensified. Another possible reason for the accelerated degrada-
tion is attributed to the internal structures of composites. In Figure 8(I) and
Figure 8(J), voids as well as loose fibres are clearly seen from the cross-sections
of composites containing 15 and 20 wt% nano-HA, suggesting that the impreg-
nation of PGF were poor in these composites. These voids might act as channels
allowing water infusion into the centre of composites, thus accelerating the de-
gradation. In addition, the incorporation of nano-HA and their agglomerates
might also create penetration sites for water infusion, thus facilitating the de-
gradation of composites [41].

The degradation behaviour is an important aspect of biodegradable ortho-
paedic implants. The desirable degradation manner is slow, gradual deteriora-
tion of mechanical properties that allow the mechanical load to be gradually
taken by newly grown bones, thus providing necessary stimulus for bone with
load-bearing capacity to be regenerated [5]. In contrast, the quick loss of mechani-
cal properties and failure of the implant (e.g. premature break down/deformation)
must be avoided to avoid failure of bone fixation. In the current study, while the
initial mechanical properties of composites benefited from increasing nano-HA
contents, the degradation of hybrid composites is found dramatically accelerated
when the nano-HA loading exceeds 15 wt%. Therefore, the nano-HA loading
must be strictly controlled to achieve the optimal reinforcement of initial me-
chanical properties of hybrid composites without causing the catastrophic de-
gradation of composites shortly after implantation. From the current study,
the optimal nano-HA loading is 10 wt% (regarding the nano-HA loading in
HA/PLA composite matrix), as the initial flexural strength/modulus were rein-
forced to the maximum extent, while the degradation rate was similar with the

control group without catastrophic breakdown/deformation observed.

4.3. Wetting of PGF by Nano-HA/PLA Matrices

It is known that interfacial bonding determined both the initial mechanical
properties as well as the degradation term of PGF reinforced composites [22]
[24]. An important issue is how well the fibres are bonded to the matrices. From
the SEM images of ground polished cross-sections, cracks and voids surround-
ing fibres are observed with nano-HA incorporation higher than 15%, indicating
that the wetting of fibres is incomplete in these cases. The reason for the incom-
plete impregnation is due to the reduced flowing ability of moltenpolymer ma-
trix with high nano-HA contents. It was previously reported that with the in-
creasing addition of HA particles, the viscosity of polymer blends increased [41]
[42]. The increased viscosity of the HA/PLA matrix (in the form of melts) hind-
ers the wetting of fibres. Similarly, Vlasveld and colleagues also reported that
melt viscosity of silicate/PA-6 composites increased with higher nanosilicate
content. With a very high loading of layered silicate (10 wt%), poor fibre wetting
as well as voids were observed in their composites [43] [44]. Besides the amount

of impregnated fibres, further study is required to investigate how strong is the
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fibre-matrix bonding, as this is an important factor that might affect both the in-

itial mechanical properties and degradation rate of composites.

5. Conclusion

In this study, the mechanical properties as well as in-vitro degradation behaviour
of the hybrid composites of nano-HA/PGF/PLA are investigated for the first
time. With increasing nano-HA contents in the HA/PLA matrices, both the ini-
tial flexural strengths and modulus increased as a result, matching the reported
mechanical properties of human cortical bones. From the view of in-vitro de-
gradation, the degradation rates are similar among composites with 0, 5 and 10
wt% nano-HA loading. However, as nano-HA loading exceeds 15 wt%, the de-
gradation of hybrid composites is dramatically accelerated, with extreme case
being the premature break down of composites with 20 wt% nano-HA after 11
days of immersion in PBS. The improved water uptake ability is found corre-
lated with the increasing nano-HA contents, which might lead to accelerated
degradation. Moreover, the addition of excessive nano-HA led to the reduced
flowing ability of HA/PLA composite melts during the compression moulding
process, resulting in poor wetting of composites at high HA loading. The na-
no-HA loading of 10 wt% is considered the optimal loading due to the greatest
extent of initial mechanical reinforcement achieved without catastrophic degra-
dation. Further study is required to characterize the bonding strength as well as
optimize the manufacturing protocol in order to enhance the mechanical prop-

erties and their endurance against degradation.
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