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Surface modification of hydroxyapatite to introduce
interfacial bonding with polyactive™ 70/30 in
a biodegradable composite
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A method was developed to improve the interfacial bonding between hydroxyapatite and
a biodegradable copolymer Polyactive™ 70/30. Hydroxyapatite was first surface modified by
the polyelectrolytes polyacrylic acid or poly(ethylene-co-maleic acid) in aqueous solutions.
Subsequently the surface-modified hydroxyapatite was used as filler in composites with

Polyactive™ 70/30. The strength, elongation at break and elastic modulus of the composite

in agueous environment were significantly improved by this method. Based on these
experimental results, it is believed that the interface improvement is due to hydrogen
bonding and/or dipole interactions formed between polyelectrolyte molecules and
polyethylene glycol segments in the polymer matrix. Due to the introduction of interfacial
bonding by using such method, a new biodegradable bone-bonding composite can be

made.

1. Introduction
In recent years, several kinds of polymer—hydroxyapa-
tite composites have been developed as bone substi-
tute materials [1-3]. The purpose of making such
composites is to reinforce the polymer and improve
the bone bonding properties of the material, since it
has been found that adding hydroxyapatite (HA) into
a polymer matrix may turn an initially non-bioactive
polymer into a bone bonding composite, and might
simultaneously improve the mechanical properties
[1-3], especially the elastic modulus and hardness.
In making HA/polymer composites, the lack of in-
terfacial bonding between HA and the polymer matrix
still remains an issue of concern [3,4]. The interfacial
bonding between inorganic and organic phase plays
an important role in determining the ultimate mech-
anical properties of the composites. A strong inter-
facial bonding between the two phases usually is ne-
cessary for the composites to achieve good mechanical
properties. For example, bone, a natural biocom-
posite, 1s mainly composed of inorganic bone mineral
(hydroxyapatite-like material), organic matrix of type
I collagen and non-collagenous proteins [5]. Bone
mineral i not directly bound to collagen, but bound
to collagen by these non-collagenous proteins [6].
These interfacial bonding forces are mainly ionic
bonds, hydrogen bonds and hydrophobic interactions
[5]. They give bone unique composite behaviour.
The polymer, Polyactive™, used in this study is
a block copolymer from polyethylene glycol (PEG)
and poly(butylene terephthalate) (PBT). When the
weight ratio of PEG/PBT is 55/45 or higher (the
molecular weight of PEG is 1000 Dalton), it is a biode-
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gradable polymer and calcifies postoperatively, there-
by inducing bond bonding [7,8]. Polyactive™ has
already been used in making composites with HA.
Such composites showed promising results in guided
tissue regeneration applications [9]. However, due to
the larger amount of PEG present in the structure of
Polyactive™ 70/30, it is a rubber like polymer with
low elastic modulus. In an effort to strengthen the
polymer, we chose HA as filler to make HA/polymer
composites.

Since, in contrast to bone material and its collagen
matrix, there are no strong bonding forces between
HA and Polyactive™, it is necessary to introduce
some kind of interaction between the two phases by
surface modification of HA. Such an approach mimics
the role of non-collagenous protein in bone.

In this study, a method was developed to improve
the interface between HA and Polyactive™ by using
water-soluble polyelectrolytes such as polyacrylic acid
{PAA) and poly(ethylene-co-maleic acid) (EMA). This
was based on the principle that polyacrylic acid and
the copolymer of maleic acid have the ability to both
form complexes with PEG [10], and be firmly adsor-
bed onto the surface of HA [11,12].

2. Materials and methods

Polyacrylic acid (M,, = 5000, 50% water solution)
and poly(ethylene-co-maleic anhydride) were ob-
tained from Aldrich. Poly(ethylene-co-maleic acid)
was then obtained by dissolving poly(ethylene-
co-maleic anhydride) in distilled water (Fig. 1).
Hydroxyapatite was synthesized and sintered in our
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Figure | Preparation of EMa

laboratory. It was milled and sieved to powder with
a particle size less than 45 pm. Polyactive™ 70/30 was
obtained from HC Implants bv, the Netherlands. The
molecular weight was about 1 x 10°.

2.1. Coating of HA particles

PAA and EMa solutions were prepared and used for
coating purposes. The pH of the PAA and EMa solu-
tions was adjusted to pH 7 by using 10% NaOH
solution, and the final concentrations of PAA and
EMa were 2.5% and 1.5%, respectively.

HA particles were put into the PAA or EMa solu-
tion, and the suspension was stirred for 20 h at room
temperature. The particles were then separated by
centrifuging. After the particles were re-suspended and
washed three times in distilled water, the particles
were first exposed to 110 °C overnight and then dried
in a vacuum oven at 80 °C for at least 72h. Control
HA particles underwent the same procedure but with
NaCl solution (pH = 7, 1.8% concentration, the same
molar concentration as NaOH in PAA solution) in-
stead of PAA or EMa.

2.2, Characterization of HA particles

The surface area of HA particles was analysed using
BET methods (Quantachrome Nova 1200 Adsorption
Analyzer). N, was used as adsorption gas.

The size and size distribution of HA particles were
measured both by scanning electron microscopy
(SEM) (Phillips 525) and by Coulter particle counter
before and after surface modification of the HA par-
ticles.

In order to measure the surface property changes of
HA particles modification by PAA or EMa, a semi-
quantitative sedimentation method was used: 0.5g
particles were put into a test tube of a diameter 1.4 cm
containing 10ml distilled water. After shaking, the
time needed for the supernant to become clear was
recorded.

The amount of surface adsorbed EMa and PAA
was quantitatively measured by using a total organic
carbon analyser (TOC). An amount of 0.54 g of coated
HA particles was first dissolved in 100 ml hydrochlo-
ride acid solution of pH 1, then 10 ml of such solution
was used for analysing the carbon content.

2.3. Preparation of composites
Surface modified and control HA particles were
premixed with Polyactive™ 70/30 granules at 25%
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weight percentage and then blended twice at 150°C
using a single screw extruder (Colin 15 x25). The
granulated materials were hot pressed into 2 mm thick
50 x 50cm sheets at a temperature of 190°C and 20
ton pressure. Standard dumb-bell specimens were cut
from the sheet using an ISO R37 type 1 die, and were
then used for mechanical and other testing. All the
specimens were kept at room temperature for 4 days
before mechanical testing was performed.

2.4. Mechanical testing

In order to evaluate the effectiveness of the surface
treatment of HA, we determined the tensile strength,
elongation at break and the elastic modulus of com-
posites both in dry and wet state (after swelling in
distilled water). The wet state testing was carried out
after the specimens had been immersed in distilled
water for 24 h. The specimens were then taken out of
the distilled water and kept wet during the testing
process. A Hounsfield HN200 testing machine was
used. The crosshead speed was 50 mm/min and the
gauge length was 25mm. In order to determine the
elastic modulus, an Instron extensometer was used to
measure the specimen extension. Ten specimens were
used for each testing.

2.5. Swelling degree of the composites
Rectangular specimens of size 2 x 6 x 20 mm were used
for swelling tests in distilled water at room temper-
ature. For each composite, two specimens were used.

At certain time intervals, the specimens were taken
out and the water at the surface was quickly removed
with tissue paper. The swelling degree at different time
intervals was calculated according to the following
equation

W o o

0

Sw =

where Sw stands for swelling degree and W, is the
weight of the sample at time ¢, W, is the weight of
sample in dry state at the beginning of testing.

2.6. Fracture surface study

The fracture part of the mechanical testing specimens
after mechanical testing was cut off from the specimen
using a sharp knife. The fracture surface was first
observed by light microscope and then by a Phillips
scanning electron microscope. All samples for SEM
observation were sputter coated with gold.



3. Results

3.1. Characterization of HA particles

The surface area of HA particles as measured by BET
method was 1.75m?/g.

SEM study showed PAA and EMa modification
caused virtually no change in particle size and surface
morphology of particles. Particle sizes in scanning
electron microscopy were measured between 1 and
50 um, the larger particles were of a porous structure
(Fig. 2). -

The particle size distribution patterns of the HA
particles were nearly the same before and after surface
modification by PAA or EMa (Fig. 3) as measured by
Coulter particle counter.

The change in surface propertics of HA particles
after being modified by EMa or PAA can be seen from
the sedimentation time changes of HA particles. Sur-
face modification significantly increased the sedi-
mentation time of particles, EMa and PAA having
different effects on the sedimentation time of HA par-
ticles (Table I) : the PAA coating had a more distinct
effect on the sedimentation time of the particles. More
PAA was adsorbed on HA as compared to EMa
(Table I).

3.2. Swelling behaviour of composites
Fig. 4 shows the swelling degree versus time curve of
the composites. After 24 h of swelling in water at room

Figure 2 SEM pictures of HA particles. (a) The porous structure of
HA particles. (b) HA surface-modified by PAA. Note that the
typical rhombic crystals of HA can be seen.

temperature, the swelling gradually reached equilib-
rium. It can be seen that the swelling degree of PAA-
HA and EMa-HA composites is somewhat lower than
that of HA composites.

Volume (%)

20 40 60
(c) Particle size {(um)

Figure 3 Particle size distribution of surface-modified and unmodi-
fied HA particles: (a) HA particles; (b) EMa-modified HA particles;
(c}) PAA-modified HA particles.

TABLE I Characteristics of surface-modified HA particles

Particle
Characteristic HA EMa-HA PAA-HA
Sedimentation time 50 min 3h 20h
Adsorption (mg C/g) As control  0.57 2.29
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3.3. Tensile strength

The tensile strengths of the composites, both in dry
and wet state, are given in Fig. 5. In the dry state,
there are no significant differences between the
strengths of HA, EMa-HA and PAA-HA composites.
The general level of strengths of composites was
lower than that of Polyactive™ 70/30. All strengths
decreased after the specimens had been immersed
in water. In the wet state, however, the strength
of composites with surface-modified HA particles
was higher than that of control HA composites,
whereas the strength of PAA-HA composite was high-
er than that of EMa-HA composite and comparable
to the strength of pure Polyactive™ 70/30 in the wet
state.

3.4. Elastic modulus

Fig. 6 gives the elastic modulus of the composites. In
the dry state, all the composites had much higher
clastic moduli than pure polymer. In the wet state,
although the elastic moduli were decreased for all
materials, all composites still had higher elastic
moduli than pure Polyactive™. However, the control
HA composite had lower elastic moduli than EMa-
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Figure 4 Swelling degree of the composites: —@— HA; —— EMa-
HA; —x— PAA-HA.
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Figure 5 Tensile strengths of composite: B dry; i wet.
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HA and PAA-HA composites. EMa-HA and PAA-
HA composites had nearly the same clastic modulus
in the wet state.

3.5. Elongation at break

Incorporation of filler into the polymer significantly
decreased the elongation at break, both in the dry and
wet state. However, composites with surface-modified
HA particles had a higher clongation at break both in
the dry and in wet state as compared to control HA
composites (Fig. 7). It is also clear that the PAA-
HA composite had a higher elongation at break than
EMa-HA. The general level of clongation at break
was lower after the specimens had been immersed in
water.

3.6. Fracture surface study

By using scanning electron microscopy, it could be
seen that voids existed between the control HA par-
ticle and polymer matrix after the samples were
broken (Fig.8). Sometimes mechanical interlocks
were observed between the larger HA particles
and polymer matrix due to the infiltration of polymer
into the pores of HA. For EMa and PAA surface-
modified HA particles, better contact and more mech-
anical interlocks with the polymer matrix were
observed.
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Figure 6 FElastic modulus of composites in dry (# )and
wet (&) state.
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Figure 7 Elongation at break of composites in dry (# ) and
wet ( E) state (the elongation at break of Polyactive™ 70/30 are
432 4 83% in dry state and 219 4+ 35% in wet state).



Figure 8§ SEM pictures of fracture surfaces of composites: (a) HA
composite; (b) EMa-HA composite; (c) PAA-HA composite. Note
the voids between HA particles and polymer matrix in (a) and the
better contact remaining in (b) and (c).

4. Discussion
One of the reasons why Polyactive™ 70/30 is used as
bone filler is its bone bonding ability. The bone bond-
ing ability is closely related to the calcium ion com-
plexing ability of PEG segments [7, 8]. Therefore, any
strengthening of the polymer should not interfere with
the calcium ion complexing ability of the PEG seg-
ments. Crosslinking of polymer, which is usually an
effective way of strengthening the polymer, is not
applicable in this case. Therefore, an ideal way to
strengthen the polymer 1s to make composites by
using fibres or fillers.

However, due to the high swelling ability of Poly-
active™ in water, the interfacial problem may be criti-

cal since the composite 1s intended to be used in vivo.
Lack of interfacial bonding between HA and polymer
matrix may cause loose contact between HA particles
and polymer matrix and therefore result in early fail-
ure (disintegration) of implants. [t can be seen that the
mechanical strength, elongation at break and elastic
modulus of HA composites decreased drastically after
being immersed in water for 24 h. Hence it is necessary
to modify the surface of HA to introduce interfacial
interaction between HA and polymer matrix and to
maintain the necessary strength and structure inte-
grity of the composites.

4.1. Surface modification of HA particles

It 1s well documented that PAA and EMa can be
firmly adsorbed to the surface of HA [11, 12]. In this
study, the amount of adsorption was not very high
(Table T) due to the relatively larger size particles used
in our study. After the surface modification of HA, no
obvious surface morphological changes were ob-
served. The surface properties of HA particles were
significantly changed after surface modification. One
of the major changes is their sedimentation rate in
distilled water. The surface-modified HA particles can
suspend very well in water and thus have longer sedi-
mentation times. We also noticed that the sedimenta-
tion time for PAA-HA was much longer than that of
EMa-HA particles. This difference may come from the
lower adsorption amount of EMa on the surface
(Table I).

4.2. Mechanical properties of composites
Although the total amount of surface adsorption of
PAA or EMa is low due to the small surface area of
HA particles in our study, we can see the effect of sur-
face modification on the mechanical properties of
composites. The increase in the elongation at break
for EMa-HA and PAA-HA composites as compared
to HA composites in the dry state is the evidence of
interfacial improvement. In addition, the introduction
of interfacial interaction had a more distinct effect on
the mechanical properties of the investigated com-
posites in the wet state.

Generally speaking, water can decrease the mechan-
ical properties in two ways. First, water can cause
polymer swelling and thereby increase the cross-sec-
tion area and thus decrease the strength and elastic
modulus. Second, water can act as plasticizer to de-
crease the intermolecular chain interaction and there-
by decrease the strength and elastic modulus of the
polymer. So it is not surprising to find that mechanical
properties for all composites decreased after the com-
posites had been immersed in water for 24 h. However,
the EMa-HA composite and PAA-HA composite still
retained relatively good mechanical properties. In our
experiments, in addition to the effect of the higher
swelling ability of composites in water and the plastic-
ization effect of water molecules, it is also considered
that the worsening of mechanical properties was
caused by deterioration of the interface between the
inorganic and organic phases of the composites, as we
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can see from the changes in tensile strength (Fig. 5).
We can see that the swelling degrees of all the com-
posites are about 50%. That means swelling in water
will cause about 30% increase in the cross-section
area of the sample and hence, in principle, 30% de-
crease in strength (if we consider only the effect of
swelling or the increase in cross-section area). But the
decrease in strength was far more than 30% for HA
composites and less than 30% for PAA-HA com-
posites. Since the surface modification of the HA par-
ticles change the swelling degree of the composites
only slightly, we believe that the improvement of
mechanical properties is largely due to the interface
improvement of the composites.

The amount of adsorption of EMa and PAA on HA
seems to have some effect on the mechanical proper-
ties of the resulting composites. Since there was less
EMa adsorbed on the surface of HA compared with
the adsorption of PAA, so the thinner EMa coating on
the HA has less effect on the mechanical properties of
the resulting composites.

4.3. Fractography of composites

SEM studies of the fracture surface suggest that there
indeed exist mechanical interactions between HA and
polymer matrix. Due to the rough surface and porous
structure of HA particles, the mechanical interlocks
between HA (both surface modified and unmodified)
particles and polymer matrix could be observed at the
fracture surfaces. But for surface-modified HA par-
ticles, more such mechanical interlocks could be ob-
served, some particles were even largely covered by
polymer (Fig. 8).

4.4. The mechanism of interfacial
interactions

The'introduction of EMa and PAA onto the surface of
HA improved the interface between HA and polymer
matrix. It is considered that such improvement is
caused by hydrogen bond formation and/or dipole
interactions between the surface-coated polymer mo-
lecular chains and PEG segments of Polyactive™.
Since EMa and PAA may form stable hydrogen bond
complexes with PEG both in an aqueous mixed sys-
tem and in a heated blending system (Fig. 9) [10, 13],
the mechanical properties of the composites both in

PEG e CH2 CH2—CH2 CHZ /NN

Y g
H H
0o 9
O=CI C=0

|
PAA~A— CHy—CH—CH,—— CH—CH /MM

Hydrogen bond --+-ses

Figure 9 Iustration of the hydrogen bond formation between the
polyacrylic acid and the polyethylene glycol.

556

the dry and the wet state can be improved. Although
the complex is easily formed in an aqueous mixed
system at lower pH, at a slightly basic condition,
complexation may also occur [13], but the interaction
may contribute to a dipole interaction similar to ionic
bonding. An indication of such complexation between
the EMa or PAA and PEG segments is that the
swelling degree of EMa-HA and PAA-HA composites
is lower than HA composites. Hydrogen bond or ionic
complexes formation may cause a slight decrease in
swelling degree which is mainly from the hydrophilic
properties of PEG segments.

4.5. Effect of the coating on the bioactivity
of HA

HA is similar to bone mineral both in structure and
composition. It is also considered to be a bioactive
material with bone bonding ability. It is thought that
the bone bonding process involves a process of HA
dissolution followed by reprecipitation and formation
of calcium phosphate microcrystals [14-16]. There-
fore the solubility and dissolution rate of HA in
a physiological environment are believed to have
a close relation to the formation of bone-like apatite
mineral both in vitro and in vivo. Although the EMa
and PAA on the surface of HA may prevent the
dissolution of the HA to some extent, both EMa and
PAA are water-soluble polymers, and the attachment
of such water-soluble molecules to the surface of HA
may not change the hydrophilic characteristics of HA.
Furthermore, it is thought that PAA has the ability to
nucleate the formation of HA due to the carboxylic
groups it has [17, 18]. This may be one of the advant-
ages of using water-soluble polymers to modify the
surface of HA.

5. Conclusion

By introducing water-soluble polymer, i.e. polyacrylic
acid and poly(ethylene-co-maleic acid), onto the sur-
face of HA, we significantly improved the interface of
HA particles with polymer Polyactive™, thus allow-
ing better load transfer throughout the material. As
a result, the strength, elongation at break and elastic
modulus of HA-Polyactive™ 70/30 composites in the
wet state can be significantly improved. By using 25%
PAA-HA filler, a composite with a higher elastic
modulus and tensile strength comparable to the poly-
mer can be made.
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