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Abstract Biostable polyurethane/hydroxyapatite (PU/
HA) composites with potential application as bone
replacement materials were synthesized in bulk and pro-
cessed in a screw extruder. The polyurethanes (PU) were
prepared by reacting an aliphatic diisocyanate, 4-methy-
lene-bis-diisocyanate (MDI), with poly-(e-caprolactone)
(PCL) diols and polytetramethylene oxide (PTMO) of
different molecular weights, extended with 1, 4-butanediol
(BDO). Glass-transition temperatures were measured by
differential scanning calorimetry (DSC). The specific PU
groups were assessed by total reflectance-Fourier transform
infrared spectroscopy (ATR-FTIR). The effects of polymer
chemistry and filler content on the rheological behaviour
were studied by oscillatory rheometry. Polymers with lar-
ger chain lengths showed higher viscosity and, for identical
chain lengths, polyether urethanes seem to have higher
viscosities than polyester based urethanes. A lubricating
effect was found for composites containing 50% weight of
filler, whereas at higher filler contents a solid-like behav-
iour was measured. Polymer chemistry seems to be affec-
ted by ageing but not so by the presence of filler. Ageing is
characterized by a decrease in the concentration of
hydrogen bonds involving between urethane linkages.
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1 Introduction

Over the last decade, many efforts have been made towards
the development of new bone replacement materials.
Among these, hydroxyapatite/polymer composites have
attracted much attention, as they may exhibit osteocon-
ductivity [1-5]. However, bioceramics are generally brittle
and, consequently, inadequate for load-bearing applications
other than those involving resistance to pure compression.

Current polymer compounding technology makes it
possible to produce highly filled polymers of excellent
quality, thus enabling the manufacture of bioactive, high
performing ceramic/polymer composites [6]. PU has pro-
ven to be biocompatible and is widely used in medical
devices, e.g., in artificial ventricular assist devices, total
heart diaphragms, heart valves and vascular grafts [7].
Bioabsorbable PU’s have been synthesized, but biodegra-
dation may occur at rates much slower than those desirable
in practice [8]. Moreover, these polymers invariably pro-
duce toxic by-products such as 4,4 mehtylenedianiline
(MDA), which pose severe limitations to their use in vivo.

The successful use of PU’s in medical applications is
due to their straightforward synthesis and the possibility of
introducing functional groups into the polymeric chain,
which may lead to the improvement of various properties
[9]. Hard and soft segments alternate in their structure. The
former are composed of alternating diisocyanate and chain
extender molecules (i.e. diol or diamine), while the soft
segments are linear long chain diols. Phase separation
occurs in these polymers because of incompatibility
between hard and soft segments, which aggregate into
microdomains and produce a structure composed of glassy
and rubbery domains. The hard domains acquire rigidity
via crosslinking and confer some reinforcement of the soft
segments [10].
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These materials need to be stabilized against oxidation
and hydrolysis for long term use. Previous studies focused
on biodegradation mechanisms using accelerated in vitro
tests that mimic in vivo biodegradation showed that poly
(ester-urethanes) easily undergo hydrolytic degradation.
Poly (ether-urethanes) are more stable regarding hydroly-
sis, but they are sensitive to oxidation and crosslinking of
ether soft segments, the latter being the primary mecha-
nisms of chemical degradation [11-14].

To the authors’ knowledge, there are few reports in the
open literature concerning the use PU/HA composites for
medical use prepared by extrusion. However, in applications
mimicking bone composition and entailing the presence of
high volume percentages of bioactive HA, PU is an attractive
matrix because of its biocompatibility, low rigidity and melt
processability, providing the possibility of mass production
of implants at reasonable costs [15]. The present study
reports the results of experiments involving the synthesis of
different PU’s, the preparation of PU/HA composites by
extrusion, and their characterization. The matrix and hard
segment content were varied as well as the percentage of HA,
since these parameters are expected to influence degradation,
mechanical properties and bioactivity. Because polymer
antioxidants sacrifice biocompatibility, an oxygen radical
scavenger (butylated hydroxyanisole, BHA) was used
instead. It is soluble in PU, acts as an inhibitor of peroxida-
tion and its cytotoxicity is well documented [16-21].

2 Materials and methods

The main reagents used in this study were MDI, 250 Da
and BDO, used as chain extender. For the soft segment
chemistry, different PCL diols with molecular weights of
650 (PCL650), 1250 (PCL1250) and 2000 (PCL2000) were
selected as polyesters, and poly-(tetramehtyleneoxide)
(PTMO02000, 1250 and 650 Da) as polyethers, all being
supplied by Sigma—Aldrich.

Sintered HA powder was obtained from Plasma Biotal,
Tideswell, UK. The particles were approximately spherical,
with an average size of around 3 pum, and were stored in an
oven at 60°C until being used. Butylated hydroxyanisole

(BHA, from Sigma—Aldrich) was stored at room tempera-
ture in a desiccator and protected from visible light.

2.1 Polymer synthesis

All PU’s were synthesised in bulk at a NCO/OH ratio of
1.05. A two-step process was adopted. First, a certain
amount of PCL diol was kept in a four-neck glass reactor
equipped with a stirrer and heated by an oil bath kept at
75°C, under nitrogen atmosphere. The polyol developed
into a viscous fluid that was stirred for 24 h, to eliminate
any residual moisture. Then, the diisocyanate was added to
the polyol and the system was allowed to react for 3 h,
yielding a pre-polymer with excess of NCO groups. The
final step consisted in extending the pre-polymer by adding
BDO, which provided the required OH groups to complete
the polymer. Any essential additives (namely BHA) were
introduced at this stage. The reaction continued until the
increasing viscosity prevented continuation of stirring. The
reaction products were kept for 24 h at 60°C under nitro-
gen. The various molar compositions produced with this
method are presented in Table 1. The polymers were cut
into pellets of 15 mm® approximately and stored in a
desiccator protected from light, at room temperature.

2.2 Preparation of the composites

The ceramic filler (HA) and the polymer pellets were pre-
mixed manually and then dried for 24 h in an oven at 75°C,
to remove any residual moisture. The extrusion of this
material was carried out in a prototype mini-extruder,
provided with a conventional three-zone Archimedes-type
screw with a diameter of 11 mm and a length of 350 mm,
rotating at 25 rpm inside a barrel provided with three
independently controlled temperature zones (set at 170,
180 and 190°C from hopper to die, respectively). The
extruder was coupled to a circular die also kept under
controlled temperature, to produce extrudates with a
diameter of 2.5 mm. Composites with 30, 50 or 70 wt% of
filler were manufactured using the various polymers (and
coded as, for example, PU1/30HA, where PU1 refers to the
polymer in Table 1 and 30HA identifies the amount of

Table 1 PU compositions

Polymer  Reagents
PCL diol (mol) PTMO diol (mol) MDI (mol) BDO (mol) BHA (% weight)
2000 Da 1250 Da 2000 Da 650 Da

PU1 0.017 0.0367 0.018

PU2 0.017 0.0367 0.018

PU3 0.017 0.0367 0.018

PU4 0.017 0.0367 0.018

PUS 0.052 0.1090 0.018 0.1
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HA). For the sake of homogenization, the composites with
70% filler content were processed in two steps: first, the
extruded materials with 50% (m/m) filler were milled, and
pre-mixed with ceramic filler to the desired percentage;
then, they were submitted to a new extrusion.

2.3 Characterization

PU surfaces were characterized by attenuated total reflec-
tance-Fourier transform infrared spectroscopy (ATR-FTIR)
and atomic force microscopy (AFM). ATR-FTIR data was
collected at room temperature using a NICOLET 170sx
spectrometer. The spectra were obtained with a resolution
of 4 cm ™" and recorded at a 45° incident angle using a Ge
crystal. At least 50 scans were recorded for each sample.
The absorbance peak between 1600 and 1800 cm™" (which
represents the carbonyl stretching vibration mode of the
urethane group) was used as internal reference for intensity
comparison. The topography was scrutinized with a
Nanoscope III AFM, from Digital Instruments. Surface
probing was performed using a ‘V-shaped’ cantilever with
a Siz Ny tip. The surfaces were examined in air, at room
temperature (30 x 30 pm? areas were scanned in tapping
mode; for further detail, areas of 500 x 500 nm? were also
examined). DSC thermographs were recorded by a Shi-
madzu DSC 60, after heating samples weighing between 9
and 20 mg from —60 to 250°C, at a rate of 10°C/min. An
Indium standard was used for calibration. All samples were
re-heated in same conditions in order to eliminate any
previous thermal history.

The linear viscoelastic response of the various materials
was measured in a Reological Instruments StressTech HR
Rotational Rheometer, by performing isothermal frequency
sweeps from 107> to 10? Hz. The tests were carried out at
150°C, using a parallel plate geometry, on discs with a
diameter of 2.5 mm and 1 mm thick, obtained by compres-
sion moulding at 180°C (applied pressure of 5 MPa during
10 min). Preliminary tests ensured that the deformations
imposed were kept within the material linear viscoelastic
response. The usual G’, G”’, tand and 5* rheological
parameters (elastic modulus, dissipative modulus, loss tan-
gent and dynamic viscosity, respectively) were obtained.

Fractured surfaces of some composites were observed
by Scanning Electron Microscopy (SEM) (Hitachi S-4100)
in order to assess filler distribution, with an acceleration
voltage of 25 kV.

3 Results and discussion
3.1 FTIR spectra of poly(ester urethanes)

Figure la compares the infrared spectra of PU1 and PU2.
Both polymers exhibit urethane carbonyl stretching vibra-
tions, assigned at 1724 and 1700 cm_l, characteristic of
free- and dative-bonded carbonyl groups (C=0), respec-
tively, in the urethane moieties [14]. Dative bonds are
established between nitrogen of urethane groups and oxy-
gen of urethane and ester groups (Fig. 2), because the
urethane linkage (-NH-CO-0) has a strong proton donor
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Fig. 1 Ageing effect on IR spectra of PUl and PU2. a PUI and PU2 65 days after synthesis. b PU1 10 days (solid line) and 65 days after

synthesis (dashed line)

Fig. 2 Hydrogen bonding in
the polyurethane chain
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Fig. 3 Influence of ageing on
PU1 peak area IR absorption
intensity ratio at 1700 cm™
(Ar700) vs. 1730 em™" (Aj730).
0 to 65 days after synthesis

1700 cm’*

\ PU1

1730 cm’

N

\

PUI 36 days

1,8 4 .
16 4

1700

L 144

1730

1,2 4
<
1,04

1760 1720 1680 1640

f? ;\ PU1 40 days /{ t% PU1 65 days

1760 1720 1680 1640

0,8 -
0,6 - -

014 T T T T T
PU1 1 36 40

Life extent (days)

1760 1720 1680 1640 1760

group (N-H), and carbonyl groups (C=0) that act as proton
receptors [22, 23].

Absorptions at 1530 and 1223 cm™' correspond to
amide (NH) in urethane (-NHCOO-) [9]. Absorptions at
1464, 1392 and 1360 cm™! evidence several vibration
modes of CH, groups. Peaks at 1235, 1162 and 1065 cm™'
can be attributed to the stretching vibration of the ester
group (-CO-0-) and stretching of the ether group C—-O-C
is associated with the absorption at 1105 cm ™! [23].
Moreover, Fig. 1a shows a higher peak intensity of PU at
1733 cm™! (free C=0), which indicates that increasing
PCL chain length decreases the extension of hydrogen
bonding, as well as the amount of hard segments [23]. This
is coherent with smaller absorption of PU2 at 1162 cm™ ',
which is indicative of a larger hard segment concentration.

Interestingly, 65 days after PU1 synthesis, the intensity
at 1724 cm™" is higher than that for a younger polymer
(10 days old), as shown in Fig. 1b. This phenomenon can be
attributed to the internal mobility of polymeric chains upon
aging, with segregation of soft segments to the surface.

Reduction of the 1700 cm ™' band and greater intensities
at 1162, 1065 and 1045 cm™! indicate the presence of —
CO-O- groups [24], and are a sign that PU’s with soft
segments based on PCL diol can suffer crystallization
changes during storage. This tendency can be confirmed in
Fig. 3, where peak areas at 1724 cm ™! (A1730) and
1700 cm ™" (A;700), obtained by Gaussian deconvolution of
PUI spectra, are related with the shelf life of PUI.
Assignments of infrared peaks of the figures discussed
above are shown in Table 2.

3.2 FTIR spectra of poly(ether urethanes)

Three poly(ether urethanes) were synthesised (PU3, PU4
and PUS). In PU3 and PU4 the polyol (PTMO) chain
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length was identical. In the case of PU4, an oxygen radical
scavenger (BHA) was added (3% m/m), in order to eval-
uate the protection effect on biostability. In PUS5 the polyol
chain length was smaller (650 Da) and only 0.1% (m/m) of
BHA was added.

The assignments of the infrared peaks of poly(ether
urethanes) PU3 and PU4 are compared in Fig. 4.

No significant differences are observed, probably
because the absorption range of the BHA present in PU4 is
localized between 1500 and 1000 cm ™' (Fig. 5), which
coincides with the predominant polymer absorption range.
Some absorption bands resembling those observed in
poly(ester-urethanes) are also present in the poly(ether-
urethanes). Absorptions at 1730 and 1700 cm™" are pres-
ent. Another absorption band, situated at 1591 cmfl, cor-
responds to C=C stretching [11]. The C-N and N-H
vibrations of the urethane group are identified at 1530 and
1310 cm ™', respectively. The presence of the aromatic ring
is detected by the C—C vibration peak at 1413 cm ™', while
that at 1017 cm™" is representative of C—H vibration. The
ether groups generate the 1110 and 1079 cm™' peaks,
corresponding to aliphatic (C—O-C) and urethane (C-O-
C=C) ether groups, respectively.

Figure 6 reproduces the IR spectra of PU4 immediately
following synthesis and after 36 days. The latter shows a
stronger expression of the unbonded carbonyl peak at
1730 cm ™. The same trend is found for other ageing times
(Fig. 7). As in polyester urethanes an increase in the area
ratio of free to hydrogen-bonded carbonyl (C=0) peaks
represents a decrease in hydrogen bonding with storage time.

3.3 Influence of PTMO chain length on FTIR spectra

When comparing isochronal IR spectra of PU3 and PU5
(Fig. 8), the higher intensity of the 1700 cm™' band in the
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Fig. 9 Effect of addition of HA particles on matrix IR spectra

varying the polyol molecular weight. As the latter
decreases, the 1079 to 1100 cm™! ratio increases and so
does the hard segment content [27, 28].

Figure 9 shows the effect of the presence of HA parti-
cles in the composite (in terms of ATR-FTIR scans of PU4
versus PU4/70HA). Although no new peaks are detected,

@ Springer

the composite displays more intense traces from 1200 to
800 cmfl, which result directly from the contribution of
the peaks due to HA in this region. Consequently, it seems
reasonable to assume that there is no chemical interaction
between filler and polymer.

3.4 AFM

In the AFM phase images of PU3 and PU5 (Fig. 10) the
brighter zones indicate the presence of hard segments. The
area occupied by these in PU3 seems to be smaller than in
PUS5, which is in agreement with the FTIR data, pointing to
the harder character of PUS. The hard phase domain size
lies between 25 and 100 nm.

3.5 DSC

DSC traces of PUI and PU2 are shown in Fig. 11. Two
endothermal effects can be observed, one at temperatures
within approximately —43 to —19°C, related to the glass
transition (Ty), the second in the range of —5 to —1°C, that
can be attributed to moisture evolution. The data is listed in
Table 3, where the transition temperature T, is defined as
the central point of the transition obtained in the second run
(carried out in order to eliminate any previous thermal
history [23]). T,’s were identified at —50, —39 and —15°C
for PU1, PU2 and PUS, respectively, in order of increasing
content of hard segments. The shift to higher temperatures
can be directly correlated with the compatibility between
phases, indicating better phase-mixing morphology [29,
30]. Transition temperatures in PU3 and PU4 could not be
determined due to the absence of an unambiguous effect in
the anticipated temperature range.

The thermal transition denoted as Ty is linked to the
softening of organized domains that are highly concen-
trated in hard segments. The remaining materials (PU3;
PU4) present undefined peaks in this region, creating some
ambiguity in terms of the temperatures associated with that
transition.

Melting of soft segments was assigned to T,,. The cor-
responding transitions are more pronounced and occur at
higher temperatures with increasing polyol molecular
weight, according to the sequence PUl > PU2 and
PU3 > PUS. This transition is less evident in ether-based
PU’s, for reasons that are not entirely clear. For example,
in the case of PUS (48% of hard segments) this transition is
hardly detected. Phase interactions might be lower com-
pared to similar polyester-based materials, because of the
lower potential for hydrogen bonding of ether groups, in
comparison with carbonyl (in the ester groups). Such
connections will barely exist in hard segment/hard segment
interactions, specifically in urethane groups (-NH-CO-0).
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Fig. 10 Influence of PTMO
chain length on hard domain
concentration. AFM phase
images of PU3 (left) and PUS
(right)
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Fig. 11 DSC thermographs of polyurethanes with different polyol

chain lenghts: a PU1, Ist run, b PU1, 2nd run, ¢ PU2, Ist run, d PU2,
2nd run. Heating rate 10°C/min

Table 3 Thermal properties of PCL and PTMO based polyurethanes

Polyurethane Hard First run Second run
segm. -
(%) T(;g T;m T(;d] T;g T;m Td ( C)
O (O (O (O (O
PU1 (PCL- 24.13 -41 23 86 50 34 91
2000)
PU2 (PCL-  33.80 -28 25 78 —40 27 79
1250)
PU3 (PTMO- 24.13 - 47 - 58 41 -
2000)
PU4 (PTMO- 23.41 - - - - - -
2000)
PUS5 (PTMO- 48.48 -15 28  94-147 -15 34  96-140
650)

Tm thermal transition associated to soft segments. 7d thermal tran-
sition associated to hard segments

3.6 Rheology

Figure 12 presents the rheological behaviour of the various
polymers in terms of dynamic viscosity, #* and elastic
modulus, G’. As typical of most polymers, these values
decrease with increasing frequency, no trace of a Newto-
nian plateau at the lower frequency range being visible.

Hard domains

Viscosity levels are high due to the low test temperature,
which was selected in order to avoid material degradation
caused by the long residence times in the rheometer.

The relative viscosity/elasticity levels for the various
polymers can be easily discriminated, with n*pyz > #*-
pul > N¥pus > ¥ pus (and the same for G’). The poly-
ether-based polymer (PU3) shows higher complex
viscosity than the polyester based polymer with similar
chain length (PU1), due to differences in viscosity of the
corresponding poliols [31]. Furthermore, viscosity increa-
ses with increasing polyol chain length (n*py3 > #*pys)
and/or phase-separated morphology, as determined previ-
ously by DSC studies. AFM images (Fig. 10) showed that
PUS exhibits a higher area of bright zones than PU3,
indicating a lower soft phase content and, consequently,
lower values of G’. As discussed above, the presence of
free BHA in PU4 produces a plasticization effect, hence a
lower viscosity level, due to the differences in chain length
and lack of chemical interaction.

Figure 13 presents the same data as Fig. 12, but for the
case of the composites reinforced with 30% of HA. The
relative ranking of the materials remains generally the
same. For the case of PU1 (Fig. 13), addition of HA causes
a decrease in complex viscosity especially in the low fre-
quency range, and a more important increase in elasticity.
This is surprising and contrary to the anticipated behaviour.
However, it is well known that suspensions may exhibit
anomalous rheological behaviour, which has been attrib-
uted to the occurrence of a number of (individual or
combined) effects such as wall-slip [32, 33], rotation of the
filler particles (Mooney and Wolstenholme [34] proposed a
model of “supermolecular flow” involving the rotation of
particles or groups of molecules as elastic bodies), or local
lubrication (flow of the matrix between adjacent filler
particles develops high local shear rates, hence viscosity
decreases) [35]. These effects should be higher if matrix-
particle interaction is small, which is the case as discussed
above (see Fig. 9). Therefore, as the (-OH) groups of HA
react with free isocyanate, a strong interaction between HA
and PU would induce an increase in viscosity. Since the
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Fig. 13 Dynamic viscosity (#¥) and storage modulus (G’) for the PU-HA composites with 30% HA

opposite was observed (Fig. 13), one can therefore assume
that practically all isocyanate has reacted.

Although no systematic rheological characterization of
PU-HA composites seems to have been reported in the
literature, interfacial stick—slip transition was reported for
PE-HA composites, even at low incorporation content,
during flow in a capillary rheometer [36]. Since the data
presented in Fig. 14 was obtained from oscillatory tests on
PUI and PUS polymers and composites, one would deduce
that wall-slip effects would prevail. A second, eventually
complementary cause for this rheological behaviour could
be presence of a relatively poorly mixed composite. It is
well known that single screw extruders provide good dis-
tributive mixing but cannot achieve high dispersion levels,
the prototype mini-extruder used in this study being no
exception. As an example, Fig. 15a, b, shows a homoge-
neous composite (PU5) with high filler content (70%),
where the ceramic particles are relatively well dispersed in
the matrix, while Fig. 15c reveals that other materials (e.g.,
PU1), with lower mineral content (30%), may show HA
agglomeration.

Raising the degree of incorporation from 30 to 50% does
not seem to affect the viscoelastic behaviour of the com-
posite; however, when the filler concentration is further
increased to 70% the rheological response changes dra-
matically (see Fig. 14), a solid-like behaviour with high

@ Springer

values of n* and G’ being evident. McGeary [37] showed
experimentally that the close packing of particles of uni-
form size corresponds to a maximum density between 60
and 64% (body centered cubic or hexagonal close packing).
In other words, as the percentage of HA increases, the
suspension with a relative highly concentration of solids is
progressively converted into an association of solid parti-
cles with liquid deposited in interstices and a thin film
surrounding their surface.

4 Conclusions

PU/HA composites with different matrix chemistries were
prepared by extrusion, following a methodology that can be
easily scaled-up to industrial production.

Various PU’s were obtained from polyester and poly(-
ether-urethanes), and characterized in some detail, reveal-
ing the presence of different hard segment contents,
probably related to different concentrations of hydrogen
bonds between urethane linkages.

As the polyol chain length decreases, the 1079 to
1100 cm ™" ratio increases and so does the hard segment
content.

PU’s with soft segments based either on PCL diol or on
polyol can suffer crystallization changes during ageing,
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Fig. 15 Fractographic view of samples with different filler content: a PU5/70HA, b PU5/70HA, ¢ PU1/30HA

with a reduction in the concentration of dative bonds and
possible segregation of soft segments to the surface.

Rheological studies revealed that the presence of free
BHA, PU4, produces a lower viscosity level, due to the
differences in chain length and lack of chemical
interaction.

The processability of the polymers enabled the prepa-
ration of composites with high filler content and relatively
good homogeneity. However, the HA particles were not
fully wetted by the matrix at higher filler contents.

Future investigations with these materials will involve
studying their chemical stability, and evaluating their
mechanical performance and biocompatibility in vitro.
Eventually, the chemical bonding of HA to the matrix will
possibly require some improvement.
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