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Abstract Currently, the bone-repair biomaterials market
is dominated by high modulus metals and their alloys. The
problem of stress-shielding, which results from elastic
modulus mismatch between these metallic materials and
natural bone, has stimulated increasing research into the
development of polymer-ceramic composite materials that
can more closely match the modulus of bone. In this study,
we prepared poly(L-lactic acid)/hydroxyapatite/poly(e-
caprolactone) (PLLA/HA/PCL) composites via a four-step
process, which includes surface etching of the fiber, the
deposition of the HA coating onto the PLLA fibers through
immersion in simulated body fluid (SBF), PCL coating
through a dip-coating process, and hot compression
molding. The initial HA-coated PLLA fiber had a homo-
geneous and continuous coating with a gradient structure.
The effects of HA: PCL ratio and molding temperature on
flexural mechanical properties were studied and both were
shown to be important to mechanical properties. Mechan-
ical results showed that at low molding temperatures and
up to an HA: PCL volume ratio of 1, the flexural strain
decreased while the flexural modulus and strength
increased. At higher mold temperatures with a lower vis-
cosity of the PCL a HA: PCL ratio of 1.6 gave similar
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properties. The process successfully produced composites
with flexural moduli near the lower range of bone. Such
composites may have clinical use for load bearing bone
fixation.

1 Introduction

The majority of devices in use today for bone-repair (bone
plates, pins, screws, etc.) are made from metal alloys.
Metallic devices have high strength, modulus, and tough-
ness, but are plagued with several deficiencies. The most
frequently cited of these are stress-shielding tendencies,
and the unpleasant retrieval surgery [1, 2]. Stress shielding
arises from the large disparity in elastic modulus between
metallic implants and natural bone. The elastic modulus of
bone is typically within the range of 7-25 GPa depending
on location, age, and the type of bone, with cortical bone
being stiffer than trabecular bone [3-8]. For instance, the
modulus of trabecular bone ranges from 1 to 14 GPa
[6-13]. On the other hand, the elastic modulus of metals
used in these applications ranges from 100 to 250 GPa
[14]. Due to their significantly greater stiffness, the metallic
implant sustains a greater portion of any load, and the
stress-shielded bone may heal incompletely, which could
lead to re-fracture [15]. In addition, there is also consider-
able interest in developing biodegradable replacements for
metallic implants to eliminate the necessity to remove the
implant after the bone has healed.

Human bone is a highly ordered and complex structure
consisting mainly of inorganic apatite crystals and organic
collagen fibers (mainly Type I) and carbonated apatite [16].
Due to its osteoconductive and biocompatible properties,
hydroxyapatite is often a component of orthopedic devices.
However, being a ceramic material, it is brittle, making it
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susceptible to cracking, which limits its use as a stand-
alone material for bone-repair applications.

Synthetic, as well as some natural polymers are being
studied as suitable materials for biomimicking the fibrous
component in natural bone. There is a very short list of
synthetic absorbable polymers that are components in
medical device implants approved by the FDA. PLLA and
poly(e-caprolactone) (PCL) are both on that list. Poly(pL-
lactic acid) was the earliest reported resorbable polymer to
be used for fracture fixation [17]. Today, PLLA and its
various copolymers are still subjects of ongoing research
into the development of bioabsorbable orthopedic bioma-
terials, and are also among those that are already com-
mercially available [18, 19].

Hydroxyapatite/polymer composites are a subject of
interest to many researchers involved in bone-repair.
Although addition of HA to PCL increases the modulus
relative to that of pure PCL, the composite modulus is still
very low, ranging from 1 to 3 GPa [20-24]. For example,
PLA/HA bending modulus values of <1 GPa were reported
by McManus et al. [25] using a four-point bending test.
Bending moduli of 150, 250, 570 MPa were reported for
conventional HA (particle size > 100 nm) at 30, 40, and
50 wt%, respectively. Shikinami et al. [26] studied the
mechanical properties of hot-forged PLLA/HA (uncal-
cined, unsintered) composites. In their study, 20, 30, 40,
and 50 wt% of HA were added to PLLA, and bending
moduli ranging from 6.5 (20 wt%) to 12.3 GPa (50 wt%)
were attained. Meanwhile, Russias et al. [27] reported up
to 10 GPa for the modulus of a compression molded PLA/
HA slurry composites containing calcined HA powders
(50-90 wt%) and HA whiskers (70 and 80 wt%) measured
by microindentation. Additionally, mechanical test results
for HA/PLLA/PCL composites have been reported by Park
et al. [28]. Their composites were prepared by melt-mixing
the three components followed by hot pressing. The HA
was fixed at 10 wt%, while the PCL amounts were set at 0,
5, 10, and 15 wt%, with the PLLA making up the differ-
ence. A maximum bending modulus of around 4 GPa and a
bending strength of approximately 90 MPa were reported
by a three-point bending test at 5 wt% PCL. More recently,
Guarino and Ambrosio reported on the synergistic effect of
PLA and calcium phosphate reinforcement of PCL com-
posites [29]. The composites were prepared by first pre-
paring a mix of PCL, sodium chloride, and a-tricalcium
phosphate (o-TCP) at varying TCP/PCL volume ratios (0,
13, 20, and 26%). PLA fibers were then impregnated with
the mixture by filament winding through the solution and
the sodium chloride was subsequently leached out to gen-
erate porous PCL/TCP/PLA composites. A maximum
compressive elastic modulus of 2.2 MPa was reported at 19
and 26 volume percent PLA and TCP, respectively.
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In an attempt to improve the mechanical properties of
HA/PLLA/PCL composites, our approach was to incorpo-
rate the PLLA as fiber reinforcement instead of as a melt or
solvent cast matrix. Herein, we report on the mechanical
properties of a composite system comprising HA-coated
PLLA fibers in a PCL matrix. A biomimetic method was
used to coat the fibers with HA, and a dip-coating proce-
dure served for the application of PCL to the coated fiber.
Compression molding at low temperatures was used to
form the composites into a bar. The ratio of each compo-
nent was manipulated so as to observe changes in
mechanical properties based on composition. Our goal was
to produce a fully biocompatible, bioactive, and bioab-
sorbable composite with adequate mechanical properties
for load-bearing bone-repair applications.

2 Experimental procedures
2.1 Biomimetic apatite coating on PLLA fibers

Poly(L-lactic acid) (PLLA) yarn (120 filament, 540 denier)
was supplied by Teleflex Medical, USA. Approximately
0.6 g of PLLA yarn was wrapped around an open PTFE
frame (7.5cm x 4 cm x 3 mm with an opening of
58 cm x 2.8 cm x 3 mm). Care was taken to avoid
overlapping of the yarn on the frame. To determine the
mass of the PLLA, each frame was weighed before and
after wrapping with yarn. The PLLA fibers were etched
using a 0.01 M calcium hydroxide solution for 1 h at 37°C.
Upon removal, the samples were rinsed with DI water,
dried in air for 24 h, and weighed.

A modified simulated body fluid (m-SBF) containing
NaCl, NaHCO3, MgC126H20, KzHPO4, CaClz, and HEPES
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) was
prepared using the method previously reported [30].
A comparison between the ion concentrations in m-SBF and
blood plasma is given in Table 1.

Table 1 Ion concentrations in human blood plasma and m-SBF

Ton Concentration (mM)
Blood Plasma m-SBF

K* 5.0 6.0
Na*t 142.0 109.5
Ca** 25 7.5
Mg*t 15 1.5
ClI- 103.0 110.0
HCO;~ 27.0 17.5
S0, 0.5 0.0
HPO,>~ 1.0 3.0
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Calcium hydroxide etched fibers were immersed in
500 mL of m-SBF for 24 h at 42°C. At the end of the
coating period, the frames were removed and the fibers
were rinsed with DI water and left to dry for 24 h. After
drying, the exposed surfaces of the frames were wiped
clean of any deposits and weighed to determine the mass of
the HA coating deposited on the fibers. This process was
repeated up to six times by re-immersing samples into a
fresh supply of m-SBF to increase the HA deposition.

2.2 PLLA/HA/PCL composite preparation

Preparation of the PLLA/HA/PCL composites involved
several steps following the calcium hydroxide etching and
SBF immersion. In the case of multiple immersion periods,
the samples were rinsed, dried for 24 h, and the SBF
solution was replaced. Following the SBF coating
sequence, the frame with fibers was dip-coated into a
solution of PCL (M, ~ 80 kDa, Aldrich) dissolved in
acetone at concentrations of 1, 2, and 5 g/dL. The samples
were dried in air for 24 h, after which the exposed surfaces
of the frames were wiped to remove any excess PCL. The
initial weight of the frame was carefully recorded. After
each step, (wrapping fibers onto the frame, SBF immersion,
and PCL coating), the weight of the samples was recorded
to determine the mass of PLLA fibers, HA, and PCL. After
dip coating, the HA/PCL coated fibers were removed from
the frame and placed into a custom-made aluminum slot
mold (4 cm x 5 mm x 5 mm), and subjected to hot
compression molding (Carver Laboratory Press, 2731,
USA). The plates were heated to 85, 100, and 120°C and a
thermocouple was used to measure the temperature of the
mold. The samples were pressed under an average normal
stress of 500 MPa for 30 min. Finally, the system was
cooled to room temperature (while still under pressure) and
the samples were removed from the mold. The dimensions
of each sample were measured using a digital caliper.

3 Characterization
3.1 Contact angle measurement

To study the effect of surface etching on the water contact
angle, PLLA films were prepared by dissolving PLLA
fibers in chloroform (2 g/dL). The PLLA solution was then
cast onto a clean, dry glass surface and left to air dry for
24 h. The resulting films were subsequently etched with
calcium hydroxide under the conditions previously out-
lined for the fibers (0.01 M Ca(OH),, 37°C, 1 h). After
drying, the hydrophilicity of the film was determined by
measuring the water contact angle using a goniometer
(Ramé-hart, 100-00 115, USA). This procedure is known as

the sessile drop technique. A 5-pL drop of Milli-Q distilled
water was dropped onto the surface of PLLA films at room
temperature; the angle was measured after 20 s to allow the
drop to settle. Three castings each were tested for both the
etched and unetched groups. The average angle of six
randomly placed drops was measured and recorded for
each individual casting.

3.2 Rheometry

The effect of temperature on the viscosity of the PCL used in
the experiments was studied using a controlled-strain rhe-
ometer (T A Instruments, ARES-LS, USA). Rheological tests
were performed using a parallel plate fixture. Six PCL pellets
were placed on the bottom plate was lowered so that it stood
just above the pellets. The experiment was performed at a
shear rate of 0.1 s_l, and temperatures of 85, 100, and
120°C. The viscosity at each temperature was recorded.

3.3 Scanning electron microscopy

The surface morphology of the PLLA fibers before and
after HA coating, and the cross-sections of the composites
were observed using a field-emission scanning electron
microscope (FESEM, JEOL JSM-6335F) and an environ-
mental electron scanning microscope (ESEM, Philips
ESEM 2020), respectively.

3.4 X-ray powder diffraction

An X-ray diffractometer (Bruker AXS D5005) was used to
determine the crystallographic structure of the calcium
phosphate (CaP) coating. The CaP crystals were isolated by
dissolving the PLLA of the CaP-coated fibers in tetrahy-
drofuran (THF) and filtering. The residue was washed with
ethanol three times, followed by DI water twice, and dried.
Data was collected using a scan speed of 5.0°/min and a
scan step of 0.02° through a 5-65° range. The obtained
pattern was matched against standard patterns for calcium
phosphates (JCPDS 09-0432).

3.5 Mechanical testing

A three-point bending jig was used to determine the flex-
ural modulus, strength, and failure strain of the composites.
The jig was mounted in an Instron tensile testing machine
(Instron Instruments, 1011, UK) equipped with a 500-N
load cell. A cross-head speed of 1 mm/min was used for all
tests. The flexural stress and strain were calculated from
the load and deflection data collected via the data acqui-
sition system. The usual linear elastic formulas were used
to calculate the maximum flexural stress (g;). modulus (Ey),
and maximum strain (&).
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where F is the load, [ is the support span, w is the width of
the sample, ¢ is the thickness the sample, D is the center
deflection of the sample, and m is the slope of the initial
straight-line portion of the force—deflection curve. Values
are reported as mean & 95% confidence limit of the mean
based on independently prepared test units, unless other-
wise stated.

ot

4 Results
4.1 Biomimetic coating on PLLA fibers

Prior to applying the biomimetic coating, the surface of the
PLLA fiber was etched using calcium hydroxide solution.
The goal was to increase hydrophilicity at the surface
without appreciable mass loss. Water contact angles for
unetched and etched PLLA films were 71.7 &£ 3.1° and
63.3 + 2.1°, respectively. The decrease (P < 0.05) in
contact angle suggests that hydrophilicity was improved at
the surface following the etching procedure. Moreover,
weight measurements before and after the etching showed
no significant weight change.

The PLLA yarn was successively coated in modified
SBF at 42°C. The mass of HA deposited after SBF
immersion was found to increase linearly (Fig. 1) with
number of immersions at a rate of ~5 wt% per immersion.
It was found that, given the PCL solution concentrations
used, up to six immersion cycles provided a maximum HA:
PCL ratio while maintaining the intact and functionality of
the composites. Figure 2a—d illustrates the homogeneity,
thickness, and morphology of the HA layer after one SBF
immersion cycle. The coating obtained was roughly
7-8 um thick and appeared homogeneous and continuous
along the fibers (Fig. 2b, c). The surface view suggested

30 +

20 -

HA, wt%

0 2 4 6
Number of SBF Immersions

Fig. 1 Weight percent of HA deposited on PLLA fibers, based on
original fiber mass, according to number of SBF immersions. Error
bars represent 95% confidence limit of the mean of five independent
determinations
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that the coating comprised a porous network structure of
plate-shaped apatite crystals (Fig. 2d). However, a cross-
section view of the coating revealed that a gradient struc-
ture had formed with a dense layer on the bottom (closer to
the fiber), and a porous layer at the surface (Fig. 3).

The XRD pattern of the coating recovered from the
PLLA fibers is shown in Fig. 4. The pattern shows major
peaks occurring around 260 = 26, 31-33, 40, and 53°,
which coincide with those of the standard HA pattern,
indicating that a pure HA coating had formed on the sur-
face of the PLLA fibers. The XRD pattern (Fig. 4) also
shows that the peaks in the 31-33° range have merged into
a single broad peak which could be influenced by small
crystal size of the apatite.

4.2 Mechanical properties of composites

Typical stress—strain curves of the PLLA/HA/PCL com-
posites investigated in this study using a three-point bend
test are shown in Fig. 5. These curves correspond with
those generally observed for ductile materials. Table 2 lists
the compositional description of samples prepared for the
study, along with sample IDs that will be used to refer to a
particular sample. The mechanical properties of the com-
posites prepared at a molding temperature of 85°C are
given in Table 3.

The results showed a trend toward increase in modulus
from 0/85 to 1/78 and a trend toward decrease in modulus
from 1/78 to 2.7/89 as shown in Fig. 6a. Between HA: PCL
ratio of O to 1, there is also a trend toward increase in oy
(Fig. 6b); however, as with the modulus, we observed that
beyond an HA: PCL ratio of 3 there was a trend toward
decrease in oy.

Table 3 also shows the results of the flexural strain for
composites where the molding temperature is 85°C. At this
lower molding temperature it is observed that there is a
trend toward decrease in & (Fig. 6¢) as the HA: PCL ratio
increased, indicating the composite becomes more brittle
with increasing HA loading. The low values of strain at
break observed suggest very good adhesion of the PCL
matrix to the PLLA fibers. Figure 7 shows the effect of
increasing the molding temperature on the modulus
between two composites with different HA: PCL ratios,
and Table 4 presents the flexural strength data for the same
set of samples. Two-way ANOVA, analyzing two different
HA: PCL ratios (1 and 1.6) at three molding temperatures
(85, 100, and 120°C), was used to assess the effect of
molding temperature and HA: PCL ratio on flexural mod-
ulus. The analysis revealed that there was a significant
interaction between the two factors (P < 0.05). According
to the data obtained, bending modulus increased when both
molding temperature and HA: PCL composition were
increased (Fig. 7). It is noteworthy, that at the higher mold
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Fig. 2 FESEM images of apatite coating after one cycle of SBF immersion showing a the unetched, uncoated fiber, b the uniformity of the
hydroxyapatite coating, ¢ cross-section of the coating, and d the surface morphology of the apatite coating at a high magnification

temperatures the higher HA: PCL ratio produces better
results.

5 Discussion
5.1 Biomimetic coating

Surface hydrolysis of polyesters by hydroxides is known to
result in enhanced hydrophilicity, which suggests an
increase in the concentration of carboxyl and hydroxyl
groups on the polymer surface [31-34]. The hydroxide
anions in the solution hydrolyze the ester groups on the
surface of the PLLA fibers, which results in the breakage of
the polymer chains and the formation of carboxyl and
hydroxyl groups at the ends of the two new chains [35, 36].
The chemistry and mechanisms through which these
reactions occur have been studied by others [37, 38].

Following this, the efficacy of the calcium hydroxide
treatment to hydrolyze the PLLA was measured indirectly
through water contact-angle measurement, which is com-
monly used in surface modification investigations [39-44].
There was a decrease (P = 0.002) in water contact angle of
8.4° + 3.8° after etching with Ca(OH),, suggesting a more
hydrophilic surface was achieved. This has been studied
extensively because of the possibility that carboxylic acid
groups generated from alkaline etching can promote the
nucleation of CaP on different substrates [34, 45-49]. For
example, Kawashita et al. [49] reported that calcium
hydroxide can induce ester hydrolysis, leading to carbox-
ylate groups, and this modification enhanced the apatite-
forming ability on polymer gels. The HA deposition results
obtained using this biomimetic coating method can be
compared to other investigations of HA deposition on
polymers via SBF [34, 49-52]. In a similar study involving
deposition of HA on PLLA by immersing in 1.5 SBF [52],
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Fig. 3 FESEM image of gradient structure of biomimetic apatite
coating deposited on the surface of a PLLA fiber showing dense inner
layer with porous surface

| CaP- SBF coating
W standard hydroxyapatite|

P TI.)';T.T[TJITTH- ik .7.TT;T
5 10 20 30 40 50 60
26 (degrees)

Fig. 4 XRD pattern of the apatite coating deposited on the PLLA
fibers
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@ S HA:PCL = 1.6
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5 a0t /7 HAPCL=0.2
Y/ ‘
0 0.05 0.10
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Fig. 5 Typical stress—strain curves for the different composites tested
in this study at a molding temperature of 85°C. HA: PCL is given as
volume ratio
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Table 2 PLLA/HA/PCL volume percent compositions for samples
(molding temperature = 85°C) presented in this study along with
corresponding HA: PCL, and PLLA: PCL volume ratios

Volume (%)

HA: PCL
(volume ratio)

PLLA: PCL
(volume ratio)

Sample ID PLLA HA PCL

0/85 85 0 15 0 5.7
0.2/83 83 3 14 0.2 6.0
0.4/80 80 6 14 0.4 5.7
0.6/92 92 3 5 0.6 18

1/78 78 11 11 1.0 7.1
1.3/75 75 14 11 1.3 6.8
1.6/87 87 8 5 1.6 174
2.5/86 86 10 4 25 21.5
2.7/89 89 8 3 2.7 29.7

Sample ID corresponds to HA: PCL volume ratio/PLLA volume %

Table 3 Mechanical properties of samples are detailed

Sample ID Flexural Flexural Flexural
modulus (GPa) strength (MPa) strain (%)
0/85 234+02 89.0 + 6.0 6.3 +0.2
0.2/83 4.6 £ 0.6 120.0 £ 6.0 4.6 +£0.8
0.4/80 48 £0.5 110.0 £ 9.0 40+£0.8
0.6/92 51+£05 112.0 £+ 23.0 3.1+0.8
1/78 59+ 1.0 129.0 £+ 14.0 41+£09
1.3/75 54+04 115.0 £ 15.0 33+£05
1.6/87 45+£0.7 71.0 £ 21.0 25+£02
2.5/86 39+ 0.6 63.0 £ 15.0 30+ 1.2
2.7/89 3.1+03 50.0 £ 10.0 31+ 1.1

Values reported are mean =+ 95% confidence limit taken from five
moldings. Molding temperature = 85°C

the authors reported a 40% mass increase after 30 days
while others reported that up to 7 days was necessary to
observe substantial coating on substrates [34, 49-51].
Meanwhile, we achieved a homogeneous and continuous
coating layer after the first 24-h immersion cycle and a
30% mass increase of the PLLA fibers after six immersion
cycles. The cross-sectional structure of the first coating
layer exhibited a gradient that may be useful for loading of
bioactive agents.

5.2 Mechanical properties of composites

Our results show the importance of having both the right
amount of binding PCL matrix and the correct molding
temperature to prepare optimum composites for bone-
repair. We have found that as the HA: PCL ratio increases
at lower molding temperatures, there is a trend in increase
of the modulus of the composite, to a point (Fig. 6a). The
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Fig. 6 Variation of composite a
modulus, b strength, and ¢ strain
with matrix composition. The
trend lines are empirical. The
three parameters (yo, o, ff) are
significant for each curve. yy, o,
fare a24,109, and 1.2, b
91.6, 201.8, and 0.9, ¢ 3.1, 3.2,
and 0.3, respectively

Flexural Modulus, GPa 3>

o

1 2 3
HA/PCL ratio

o 1/78
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Fig. 7 Comparison of the elastic moduli of composites prepared with
two different HA: PCL ratios (1 and 1.6) and molding temperatures of
85, 100, and 120°C. Error bars represent standard error of the mean
of three moldings

Table 4 Comparison of composite flexural strength across different
molding temperatures at two different HA: PCL ratios

Molding temperature (°C) Flexural strength (MPa)

HA: PCL =1 HA: PCL = 1.7
85 134 £ 1 71 £ 40
100 122 + 38 125 + 34
120 127 £+ 22 132 £ 21

Values reported are mean £+ 95% confidence limit taken from three
moldings

Table 5 Inverse relationship between temperature and viscosity of
the PCL used in this study (shear rate = 0.1 s’l)

T (°C) n (kPa s)
85 24
100 15
120 8

results obtained were higher than those presented in a
similar PLLA/HA/PCL study by Park et al. [28]. However,
while they have used melt-mixing to blend PLLA and PCL,
our approach differed in that we incorporate PLLA as fiber
reinforcement. In fibrous composites, unidirectional align-
ment of the fibers contributes significantly to improved

(9]

Flexural Strength, MPa 0
Flexural Strain, %

20 2

HA/PCL ratio HA/PCL ratio

modulus and strength of the composites. Coupling this
unidirectional alignment of the PLLA fibers with HA
reinforcement contributes to the observed increase in
flexural modulus. In addition, the toughness of the com-
posite remains high.

To maximize the properties of the composite [53], it is
important to minimize the amount of PCL in the compos-
ite, as the PCL has the lowest modulus and strength of the
three components. On the other hand, if there is too little
PCL there will not be sufficient matrix material to bond the
fibers, and the high content of HA will decrease the
toughness of the composite. At high HA: PCL ratios (1.6,
2.5, and 2.7), where we begin to observe a trend toward
decrease in flexural strength, it is likely that there is
insufficient PCL to bond the PLLA and HA together.

We hypothesized that increasing the temperature during
the compression process would help to improve the
mechanical properties of the composites. Results showed
that in samples with a lower HA: PCL ratio (1.0), an
increase in molding temperature did not significantly affect
the flexural modulus. However, results observed for the
samples with an HA: PCL ratio of 1.6 appeared consistent
with the hypothesis (Fig. 7), which is supported by the
significant synergistic relationship of HA: PCL ratio and
molding temperature. This interaction suggests that
increasing the molding temperature is helpful only if there
is enough PCL to flow between the fibers.

The impact of molding temperature can be explained by
the PCL temperature/viscosity relationship. Table 5 pre-
sents the results of the effect of increasing temperature on
the viscosity of the PCL. As expected, the PCL viscosity
decreases with increasing temperature. This is in accor-
dance with results presented by others [54]. It was observed
that increasing the temperature from 85 to 120°C decreased
the viscosity threefold, thereby facilitating the flow of the
molten PCL between the HA-coated fibers. The cross-
sectional areas (Fig. 8) demonstrate the structural differ-
ence in samples prepared at two different HA: PCL ratios
(1 and 1.6) and three different molding temperatures (85,
100, and 120°C).

Figure 8a—c shows composites with an HA: PCL ratio of
1.6 and pressed at temperatures of 85, 100, and 120°C,
respectively. We observed that as the temperature was
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150 um

Fig. 8 Cross-sectional view of composites prepared at different HA:
PCL ratios and molding temperatures (darker regions represent PLLA
and lighter regions are PCL) as seen under ESEM. Images a—c¢ were

increased, the composites appear to become more compact,
with fewer and smaller pockets of PCL in between the fiber
clusters. Hence, the higher temperatures appear to lead to
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prepared at HA: PCL = 1.6 and a molding temperature of 85, 100,
and 120°C, respectively; images d—f were prepared at HA: PCL = 1
and a molding temperature of 85, 100, and 120°C, respectively

better distribution of the PCL through the PLLA/HA
structure. As the amount of HA increases and PCL
decreases in the samples, it is possible that at 85°C the
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relatively higher viscosity of the PCL (Table 5) and
increasing amount of HA inhibits the ability of the polymer
to effectively flow around and between the constituent
fibers to create a strong bond. However, increasing the
temperature, which dramatically lowers the viscosity,
allows for the PCL to be better distributed around and
between the fibers and create a well-bonded composite,
which in conjunction with HA loading increases the
modulus. This may account for the effect of molding
temperature on the properties of samples with higher HA:
PCL ratios. In contrast, at a low temperature (85°C) the
increase in HA: PCL may introduce defects; which, in
addition with the poor compression at this temperature,
leads to reduced mechanical properties.

The appearance of the sections of the samples with an HA:
PCL ratio of 1 (Fig. 8d—f), unlike that of the others (HA:
PCL = 1.6), show no indication of significant detectable
reduction in the PCL pockets between clusters of PLLA
fibers or improved packing of the PLLA fibers even at ele-
vated temperatures. This could mean that at an HA: PCL of 1,
the composite may be over-saturated with PCL which pre-
vents the fibers from becoming closely packed.

6 Conclusions

A four-step process consisting of surface etching, biomi-
metic coating, dip coating, and hot compression molding
was implemented to produce PLLA/HA/PCL composites.
Multiple immersions of calcium hydroxide etched PLLA
fibers in m-SBF increased the deposition of HA. Com-
posites prepared according to this process yielded flexural
moduli in the range of 3.1-5.9 GPa compared to a control
of 2.3 GPa at a molding temperature of 85°C. At low
molding temperatures, mechanical testing revealed that as
the HA: PCL ratio increased, flexural strain trended toward
a decrease while flexural modulus showed a trend toward
increase between HA: PCL ratio of O to 1 followed by a
decrease as the HA: PCL was further increased. However,
increasing molding temperature increased the modulus of
the composites when the amount of PCL in the composite
was sufficient to fill the interstices between the fibers.
These results collectively demonstrate that manipulation of
the HA: PCL ratio and molding temperature can lead to a
range of composites with improved mechanical properties
comparable to natural bone. Thus, the proposed processes
may have potential to be used in fabricating load bearing
bone fixtures in clinical applications.
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