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Abstract One main application of resorbable poly-L-
lactic acid (PLLA) and poly-L-lactic-co-glycolic acid
(PLGA) based materials is in medical implants. In this
study composites were made from PLLA and PLGA with
hydroxyapatite (HAp) respective [-tricalcium phosphate
(B-TCP) fillers. The filler content and particle size were
varied, and the thermal properties as well as the mechanical
strength of the composites were investigated. The com-
posites were made by an extrusion compounding process
giving 2-2.5 mm diameter sized profiles. The results ver-
ified that the thermal stability of the composites was rea-
sonable during the optimized compounding conditions.
Scanning electron microscopy revealed that the fillers were
well dispersed in the polymer matrices. The mechanical
properties were improved by the addition of the fillers. The
optimum mechanical properties for the extruded profiles
were obtained with the HAp fillers. The E-modulus was
increased from 3.3 to 4.6 GPa by addition of filler particles
(30 wt%) whereas the flexural strength was reduced from
133 to 106 MPa.
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1 Introduction

Biomaterials are materials that constitute parts of medical
implants, extracorporeal devices, and disposables that have
been utilized in medicine, surgery, dentistry, and veterinary
medicine as well as in every aspect of patient health care
[1]. Since living tissues are combinations of different
macromolecules and other components, biodegradable
polymers are a highly feasible group of material from
which biocompatible materials can be developed. The
possess characteristics perfectly fitted for replacement,
support, augmentation or fixation of living tissues [2, 3].
The main advantage and idea behind the development of
biodegradable implants is the avoidance of repeat surgery
for the removal of metal implants. Biodegradable polymers
can be used as bone fractures fixation devices in orthopedic
areas such as elbow, shoulder, knee, wrist and pelvis [4-6]
due to their biocompatibility, biodegradability, non-toxic-
ity, superior mechanical properties and processability. Poly
lactic acid and poly glycolic acid polymers and their co-
polymers are well-known bioabsorbable polymers due to
containing similar chemical components to bone [7, 8].
Insufficient mechanical strength and osteoconductivity
of these pure polymers have increased the interest in
reinforcing them with particulate fillers such as hydroxy-
apatite and f-tricalcium phosphate [9]. By the addition of
particulate fillers, the mechanical properties are expected to
increase especially if the filler-polymer matrix adhesion
enables load transfer from the matrix, and the fillers are
able to prevent crack propagation through the composite.
Several methods have been introduced for combining
polymers and ceramic fillers such as solution casting [10—
17], co-precipitation [18] and melt extrusion [5, 9, 13, 14,
19, 20]. The latter is commonly used for processing poly-
meric implant composites [21]. The most critical issue in
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composite processing is to achieve homogenous mixing of
the fillers resulting in their optimal dispersion and distri-
bution. Furthermore, it is necessary to optimize the pro-
cessing conditions to attain the best possible mechanical
properties with no thermal degradation of the polymer due
to the high processing temperature.

In this study a twin screw 15 cm® micro-compounder
was used to mix poly-L-lactic acid (PLLA) and poly-L-
lactic-co-glycolic acid (PLGA) with hydroxyapatite (HAp)
and f-tricalciumphosphate (f-TCP). The composites were
further extruded into rod-like profiles with a diameter of 2—
2.5 mm. The effect of filler content (0-30 wt%) and filler
particle size (200 nm to 50 pm) on the composite properties
were investigated. Analytical techniques applied included
solution viscosimetry, differential scanning calorimetry
(DSC), thermal gravimetric analysis (TGA), three point
bend testing and scanning electron microscopy (SEM).

The objective of this work was to improve the
mechanical strength of melt-processed composites and for
their use as biodegradable bone pins and fixture screws.
The processing conditions must be optimized in order to
minimize thermal degradation during the melt processing.
Processing temperature, residence time and extruder screw
rotational speed (rpm) were studied.

2 Experimental
2.1 Materials

The biopolymers selected as the matrix material were poly-L-
lactide (PLLA) (Purasorb PL65) with inherent viscosity
(i.v.) of 7.02 dl g~ supplied by PURAC biomaterials, the
Netherlands, and poly-L-lactide-co-glycolide (PLGA) 85:15
(Resomer LG 855S) with inherent viscosity (i.v.) of
3.5 dl g~ ' supplied by Boehringer Ingelheim Pharma GmbH
& Co. KG, Germany. Hydroxyapatite and f-tricalcium
phosphate bioceramic additive fillers with different particle
sizes were selected to reinforce the biopolymers. The filler
suppliers and particle sizes are shown in Table 1. The filler
particle size distributions were analyzed from SEM images

Table 1 Particle size and suppliers for used ceramic fillers

Filler name Particle size Supplier

Hydroxyapatite 0-50 pm Berkeley Advanced
Biomaterials, USA
Hydroxyapatite 5 um Berkeley Advanced
Biomaterials, USA
Hydroxyapatite <200 nm SIGMA ALDRICH,
USA
p-Tricalciumphosphate 0-50 um Berkeley Advanced

Biomaterials, USA
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as explained below. All materials were dried in vacuum at
40°C overnight, and then stored under vacuum.

2.2 Melt extrusion method

The composites were prepared in a 15 cm® co-rotating twin
screw microcompounder from DSM Xplore Research, the
Netherlands. The processing temperatures were 180—190°C
for the PLGA composites, and 215°C for the PLLA com-
posites. Argon was used as purging gas to prevent oxida-
tive degradation. The screw rotation speed was 20 rpm and
residence time was selected to 2 min in order to minimize
the risk of polymer thermal degradation. Before com-
pounding the PLLA and PLGA granules were manually
mixed with different filler weight additions. The feeding
was done continuously through an upper funnel hopper.
The materials were then extruded through a 2 mm diameter
die equipped with an outside circular air cooler, and further
drawn down to approximately 2-2.5 mm diameter profiles
with the help of a moving conveyor belt. Profile specimens
were then cut into different lengths, and stored under
vacuum until characterisation. The processing conditions
employed were selected based on previously performed
experimental trials. For HAp, the filler content was 10, 20
and 30 wt% and the most interesting results were achieved
for the 20 wt% content composites, this filler content was
also selected for the f-TCP containing composite.

2.3 Thermal characterization

The polymer thermal characteristics were determined using
a TA Instruments Q1000 differential scanning calorimeter
(New Castle, DE, USA). Specimens weighing 7-10 mg
were cut and placed in aluminium pans. The specimens
were first heated from 0 to 200°C and then cooled to 0°C at
heating rate 20°C min~' under nitrogen atmosphere. Two
identical samples were analyzed for each prepared com-
pounded composition. The glass transition temperature
(Tg), melting point (T,) recrystallization temperature (T.)
and melting heat of fusion (AH,,) were obtained from the
DSC curves. The degree of crystallinity (X.) was calcu-
lated from the enthalpy of melting for 100% crystalline
PLA (93.6 J g") by using the following equation:

X, = (AH, — AH,) x 100/93.7

Thermo gravimetric analysis (TGA) studies were per-
formed on TA Instruments Q500 system (New Castle, DE,
USA). Experiments were performed in nitrogen atmo-
sphere and specimens were run from 0 to 600°C at heating
rate of 10°C min~'. The thermal decomposition tempera-
tures as well as the filler contents in the composites were
determined from the TGA curves. The filler content
was determined for composite samples taken during the
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continuous extrusion process. This was important as the
filler loading might vary during the process.

2.4 Inherent viscosity

The pure polymers as well as the composite samples
(approximately 0.1 g amounts of each) were dissolved in
chloroform (99.99% purity, Fisher Scientific) by stirring
with magnet stirrer for 3 days at room temperature. The
solutions were then inserted into a capillary viscometer,
which was placed in a thermostat water bath at 30°C for
15 min. The flow time of the polymer solution between the
two marks in the capillary was recorded by a ViscoClock
device (SCHOTT AG, Germany). The flow time for pure
chloroform was measured as a reference. Four to six
measurements were performed for each sample. The
measured flow times were all within a range of 0.3 s. The
inherent viscosity (i.v.) was calculated using the following
equation:

iv. = (InV,)/C

Here V. is the relative viscosity, or the flow time ratio of
the polymer solution to the pure chloroform, and C is the
polymer concentration having the unit of grams per
decilitre.

2.5 Mechanical testing

Flexural strength and modulus of elasticity were measured
by a three point bending test on a Lloyd LRX (Lloyd
Instruments Ltd, Fareham, England) testing machine. A
loading rate of 1 mm min~"' was applied. For each sample
composition 6-8 profile specimens were tested, and the
average values and the standard deviations were calculated.
The sample dimensions were 25 mm in length and 2-3 mm
in diameter. The mechanical testing was done at room
temperature in dry conditions.

2.6 Scanning electron microscopy (SEM)

The morphology of the fracture surface of all composites
was studied using a JSM-5500 (JEOL Ltd., Tokyo, Japan)
scanning electron microscope. Samples were cut in liquid
nitrogen and the fractured surfaces were sputter coated
with gold. An accelerating voltage of 15 kV and a working
distance of 20 mm were used. The magnifications 500,
800x, 1500x and 5000x were used, and the 1500x
magnification was considered as the best in order to pro-
duce good resolved micrographs. To determine the particle
size distributions for the used ceramic fillers these were
imaged by SEM, and the obtained images were analysed by
a CT-analyser software (Ver. 1.7.0.5, SkyScan NV, Bel-
gium) to obtain particle size distributions. A frequency

count of the data was done by OriginPro (Version 7.5 SR4,
OriginLab Corp. USA) to give bar chart particle size
distributions.

3 Results and discussion
3.1 Filler characterisation

The particle size distributions for the used fillers are shown
in Fig. 1. The particle size distribution for the 0-50 um
HAp filler corresponds well with the supplier data. For the
5 um HAp a rather large fraction of particles with sizes
larger than 5 pum can be seen. The 5-TCP filler particle size
distribution deviates clearly from the supplier data, a very
large fraction of the particles are bigger than 50 pum. It was
not possible to analyse the HAp with reported size less than
200 nm, due to the small size. All analyzed fillers showed
on the SEM micrographs spherical structures, with few
defects, and no agglomerations.

3.2 Melt extrusion

The most optimal processing conditions were selected
using the data from the DSC analysis, i.e. the melting
temperature and the inherent viscosity. These properties are
thermal indicators for polymer degradation. The adjust-
ment of the compounder shear force was found as the most
important parameter for optimal processing. A screw
rotational velocity of 20 rpm was used for all processing
runs. If the shear force decreased dramatically during the
feeding process, it was obvious that polymer degradation
has occurred. To overcome this problem, the running
conditions had to be improved and the feeding time
reduced. The degradation could then further be avoided by
careful drying of the polymer granulates, as well as by the
use of purging argon gas in the compounder barrel.

The feeding time of bioceramic fillers to both polymer
matrices was reasonable short (less than 10 min), with the
exception for the addition of the 0-50 pm HAp filler par-
ticles to the PLLA melt. This was probably related to the
high inherent viscosity of the PLLA. The machine back-
pressures were also close to the maximum possible pres-
sure (8000 N) with exception to when the 200 nm size
HADp fillers were added to PLLA. Typical extruded profiles
are shown in Fig. 2. A colour variation depending on the
filler loading could be seen for most of the profiles.

3.3 Degree of crystallinity and phase transitions
The glass transition temperatures, melting points, as well as

the degrees of crystallinity are shown in Tables 2 and 3.
The T, is a kinetic phenomenon which includes the

@ Springer



2526

J Mater Sci: Mater Med (2010) 21:2523-2531

a b

300 ] 400 ]
2 250 =
3 3 300
© 200 | ©
> >
g g
@ 150 - @ 200
=] =]
8 100 ] g [
2 100 o
o L 100

50 -

o LTy . : : o H e, . . —
0 20 40 60 80 0 10 20 30 40 50 60
Granule size* (um) Granule size* (um)

Cc

40 -
€ ol R
3 30+
o
>
2
S 20-
>
o
1
L 10

U e e

T
50 100 150 300

Granule size (um)

200 250

Fig. 1 Analyzed particle size distributions for the used fillers. a 0-50 pm HAp, b 5 um HAp, ¢ 0-50 pm S-TCP

6. (=85

9 10

— "

Fig. 2 Typical obtained extruded profiles from PLGA and 5 um HAp
with different filler loading

Table 2 Thermal properties of PLGA and ceramic fillers

polymer viscoelasticity which, in turn, is affected by
experimental conditions such as the thermal history of the
specimen and the heating rate.

PLGA had a T, of around 59°C, and PLLA had a T, around
63°C, which corresponds well to values from the literature,
considering the thermal history [22, 23]. The addition of fillers
had no effect on the T, for both polymers, but the T, for the
PLGA profile decreased with increased filler loading at the
same compounding condition. The decrease in T, during
compounding could be ascribed to the stress release of
molecular chains during heating [9]. Although an increase in
residence time caused a more homogeneous dispersion, with
better contact between components, there was also the risk of
polymer degradation, as indicated by a minor decrease in T,
seen in the DSC results [13].

Filler conc. HAp (0-50 pm) HAp (0-5 um) HAp (<200 nm) p-TCP (0-50 pm)
t%
() T, T AH, T, T, AH, T, T, AH, T, T AH,,
§(®)] () dg™h O (§(®) dg™h) O §(©)] dgh 0O () dg™h

0 59.25 159.75 14.67 59.25 159.75 14.67 59.25 159.75 14.67 59.25 159.75 15.65
10 59.84 156.86 15.84 59.58 156.72 19.96 59.94 156.68 15.29 n.d. n.d. n.d.
20 59.38 156.40 17.34 59.23 156.92 19.58 60.23 156.93 14.96 59.75 157.08 7.78
30 59.31 155.02 11.61 59.12 155.97 14.72 59.10 155.82 13.32 n.d. n.d. n.d.
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Table 3 Thermal properties of PLLA and ceramic fillers

Filler conc. HAp (0-50 pm) HAp (0-5 pm)

Wt%

(wt%) T, Tn Crystallinity AH,, T, Tn Crystallinity AH, J g™h
°C) (§©)] (%) dg™h (O] °C) (%)

0 63.25 176.93 1.2 32.47 63.25 176.93 1.20 32.47

10 63.37 176.89 1.68 32.75 63.14 178.20 4.89 30.01

20 63.73 176.64 0 28.80 62.72 178.28 28.56 36.84

30 63.25 175.76 0 24.54 62.14 177.80 26.33 35.15

Filler conc. HAp (<200 nm) B-TCP (0-50 pm)

(Wt%) . -
T, Tm Crystallinity AH,, T, Tn Crystallinity AH,,
°C) (§®) (%) dg™h (O] °C) (%) dg™h

0 63.25 176.93 1.20 32.47 63.25 176.93 1.20 32.47

10 62.79 178.91 38.08 43.71 n.d. n.d. n.d. n.d.

20 62.28 178.21 34.62 40.77 63.04 178.65 29.69 37.18

30 61.91 176.96 26.22 34.15 n.d. n.d. n.d. n.d.

The melting point of the PLLA matrix increased by the

addition of smaller particle sized HAp fillers. It is possible
that the thermal movement of molecular chains of the
polymer was restricted by the presence of the HAp parti-
cles during the endothermic melting process.

3.4 Mechanical properties

Tables 4 and 5 give the mean and standard deviation of
flexural strength and modulus of elasticity for all PLGA
and PLLA composites. It could be seen that the modulus of
elasticity was improved when PLLA and PLGA were

reinforced with all types of fillers. This is shown for the
5 pum particle size HAp PLGA composite in Fig. 3a. The
optimum modulus of elasticity for both PLLA and PLGA
was obtained when the 5 pm particle size HAp filler was
used, 4.3 and 4.5 GPa respectively. This is firstly due to
better interfacial adhesion between the matrices and par-
ticles. Secondly, it is possible that the particle distribution
is better for this large-sized filler, compared to the smaller
sized fillers. The flexural strength of manufactured profiles
decreased, which is likely due to the inadequate adhesion
of the filler particles to the polymer matrix and to the shape
of the fillers. It is known that particulate fillers do not

Table 4 Effects of different fillers with different concentrations on E-modulus, flexural strength and i.v. of PLGA (i.v. 3.3 dl gfl))

Filler conc. HAp (0-50 pm) HAp (<5 pm) HAp (<200 nm) p-TCP (0-50 pm)

wt%

(wt#) iv. Strength  Modulus  i.v. Strength  Modulus  i.v. Strength  Modulus i.v. Strength  Modulus

(dl g7 (MPa) (GPa) dl g7" (MPa) (GPa) (dl g7" (MPa) (GPa) (dl g7" (MPa) (GPa)

0 2 133 +£2 33+02 2 133 £2 33+£02 2 133+£2 33+£02 2 133 +£2 33+£02

10 2.2 1203 35+02 225 121£5 34401 282 136 £5 3.7+02 nd. n.d. n.d.

20 2.3 115+6 33+02 244 123 +£2 38+£02 26 129+ 6 38+£02 2 113+£4 4+£02

30 24 1003 3.6+02 244 118 3 43+£02 2.36 105 £ 10 3.8 £0.6 nd. n.d. n.d.

Table 5 Effects of different fillers with different concentrations on E-modulus, flexural strength and i.v. of PLLA (i.v. 5.2 dl g~")

Filler HAp (0-50 pm) HAp (0-5 pm) HAp (<200 nm) B-TCP (0-50 pm)

conc.

(wt%) 1V Strength Modulus  i.v. Strength Modulus  i.v Strength Modulus  i.v. Strength Modulus
(dl g7 (MPa)  (GPa) dl g7" (MPa) (GPa) (dl g7 (MPa)  (GPa) (dl g7y (MPa)  (GPa)

0 293 131 £2 3.1 £0.06 2.93 131+£2 314006 293 131 £2 3.1 +£0.06 2.93 131 +£2 3.1 +£0.06

10 2.9 121 £4 3.6+£03 345 115+ 0.8 33+01 223 124 £6 32+£02 nd n.d. n.d.

20 33 120 £ 4 38+£04 245 1225 £ 2 4+£02 15 109 +3 35+04 24 123 +£2 3.6+03

30 3.24 106 £5 3.8+04 23 119+3 45+£02 19 91+5 33+£03 nd n.d. n.d.
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hinder crack propagation through a composite material as
effectively as fiber-shaped fillers. The present values for
flexural strength correspond well to the average values of
particulate filler composite made of thermoset resins. These
values are on average, one-third of the flexural strength of
compact bone. Therefore, the composite tested in this study
cannot in its present form, be used in load bearing appli-
cations. This is especially so since it is likely that water
saturation of the composite would further reduce the
strength. The modulus of elasticity was improved in pro-
files with 20 wt% f-TCP to approximately 4.0 GPa but the
flexural strength decreased to 113 MPa in comparison to
the pure polymers. It is evident that the filler ratio for
obtaining both high modulus of elasticity and strength in
melt blending of S-TCP filler should not exceed 20 wt%.

3.5 Specimen morphology

The best illustration of the fracture surfaces was obtained
with a SEM magnification of 1500x. The fracture surfaces
for the PLGA and PLLA composites with 10-30 wt% HAp

16K T

PLGA + HAp (200 nm)
: : o PP

2k 2o aft Yy

B

PLLA+HAp (0-50 um)
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Fig. 5 SEM micrographs of fracture surfaces for PLGA respective
PLLA composites, a neat profiles, b 20 wt% [-TCP filler content

are shown in Fig. 4. Similar micrographs are shown for
B-TCP composites in Fig. 5. The presence of fillers larger
than 50 um in the S-TCP composites can be seen. The
gradual increase in the filler amount was clearly seen. A
complete homogenous distribution of the fillers in the
polymer matrices was witnessed, especially for the speci-
mens compounded with 200 nm particle size and 5 pm
particle size microsphere particles. Some agglomeration of
fillers with 50 um particle size was evident for less
homogenous profiles with large filler particle size.
Although few agglomerations could be seen, the most
uniformly distributed particles were observed for the
200 nm particle size HAp reinforced composites. The
particles were loosely bound to the polymer matrix which
helped explain the lower flexural strength discussed above.

Due to the risk of thermal degradation effects during the
composite production process, the residence time of
polymer in the extruder was adjusted to just 2 min. No
preparatory mixing procedure was needed, which led to a
satisfactory filler distribution in the polymer matrix.

3.6 Thermogravimetric analysis

The continuous processing of the profiles by gradual
feeding of the polymer-filler mixture could lead to varia-
tions in the filler content in different sections of the
extruded profiles. This would lead to inhomogeneous filler
distribution along the profiles and cause wide variations in
composite properties. By thermogravimetric analysis it was
possible to determine the content of the inorganic filler in
the composites. Specimens from the starting, middle and
end portions of each profile were analysed using TGA.
Typical TGA scans for specimens taken from different
profile parts of the PLGA composite with 20 wt% 5 um
particle size HAp are shown in Fig. 6. Similar results
indicated an homogeneous filler distribution in all profiles.
The obtained data is given in Table 6 for the PLGA and
PLLA composites. Interpretation of the data from the TGA
curves clearly illustrated that thermal processing of poly-
mer granules and filler powders with a 2 min residence
time allowed for homogenous profiles to be produced. The
deviation of filler concentration in all parts of profiles was
+2 wt% and the actual concentration was 3-5 wt% less
than the intended amount. Distribution of fillers with par-
ticle size 0-50 pm was not as homogenous as the nano-
particles and the 0-5 pum particles. The TGA results were
confirmed by the SEM images which showed that large
particles were agglomerated and did not disperse in all

Fig. 6 TGA curves recorded at 120 S TORIABErTa
20°C min~" under nitrogen flow PLGASU%HAP 5 Midde
for PLGA + 20 wt% 5 pm
HAP from first, middle and end 100 4
part of profile
80-
g
g o
40
20..
0 T e Tt
0 100 200 300 400 500 600

Universal V4 3ATA Instruments

Temperature (°C)
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Table 6 TGA estimated filler content compared to the intended filler
content in PLGA and PLLA composites

Intended filler
content (wWt%)

Real filler content (wt%)

HAp HAp HAp p-TCP
(0-50 pm) (5 pm) (<200 nm) (0-50 pm)
PLGA
10 7.71 7.47 10.43 -
20 17.35 16.28 17.34 18.97
30 28.37 27.04 28.19 -
PLLA
10 5.10 9.12 10.16 -
20 14.24 15.44 16.23 16.45
30 24.98 25.48 25.39 -

parts of polymer matrix. The filler concentration in PLGA
was more close to the intended amount compared to PLLA.
This was due to the presence of more PLLA residuals from
previous runs and the dilution of these residuals when
following runs were performed.

4 Conclusions

More than one meter in length and 2-3 mm diameter,
homogenous smooth profiles were produced in one com-
pounding batch. Optimum processing conditions for melt
extruding of PLLA and PLGA were determined, which are
applicable for industrial scale. Minimum degradation was
observed in compounding (PLGA) (i.v. 3.3-2.6) and no
significant changes were seen in Ty, and T,. The addition of
HAp and p-TCP improved the modulus of elasticity up to
4.5 GPa and reduced the flexural strength. With reasonable
mechanical properties, a high rate of degradation in com-
pounding PLLA (i.v. 5.5-2.5) was witnessed. Filler
agglomeration in polymer matrices with 50 um particle
sizes was observed. The greatest improvement in E-mod-
ulus and the slightest reduction in flexural strength occur-
red in profiles that were reinforced with HAp particle size,
0-5 pm.

Due to the potential effects of thermal degradation, the
residence time of the polymer in the extruder was adjusted
to a minimum of 2 min. Despite the lack of preparatory
mixing, a highly desirable filler distribution was obtained
in the polymer matrices.
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