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Functionalized copolymers and their composites
with polylactide and hydroxyapatite
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Synthetic copolymers poly(s-caprolactone-co-vinylphosphonic acid) (P(MDOVPA) and
poly(e-caprolactone-co-dimethylvinylphosphoester) (P(MDOVPE)) were used to prepare
composites with polylactide (PLac) and hydroxyapatite (HAp). The PIMDOVPA) is used as
filler in PLac films, as it has pendant functional groups P(O)(OH),, providing nucleation sites
for the deposition of HAp in simulated body fluid. HAp growth on P(MDOVPA) powder and
PLac-P(MDOVPA) film was observed by Fourier transform infrared spectroscopy (FTIR),
energy dispersive X-ray analysis (EDX) and X-ray diffraction (XRD). P(MDOVPE) and PLac
blend are miscible, and the incorporation of hydrophilic PIMDOVPA) into PLac increased the
hydrophilicity of the blend. Synthetic HAp was used to make multilayered, alternating
organic-inorganic composites with porous PLac-P(MDOVPE) blends.
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1. Introduction

The biomimetic growth of hydroxyapatite (HAp) on the
surface of various organic and inorganic substrates has
been a topic for both basic research and medical
applications. It promotes a better understanding of the
biomineralization process in the body and development
of new materials for prosthetic applications in bone and
teeth. Bone-like apatite can be coated on various
substrates including ceramics, metals and organic
polymers in simulated body fluid (SBF) solution using
a plate of CaO, SiO,-based glass as a source of
nucleating agent of apatite on the surfaces of substrates
[1]. Tonic groups on the polymer surface are essential for
crystallization. Mucalo et al. used cationic or anionic
ion-exchange resins presaturated with either Ca®" or
HPO,>~ as a means of stimulating calcium phosphate
formation on the surface of resin spheres in 1.5 x SBF
solution [2].

Phosphorus-containing polymers are biocompatible
and they can provide nucleation sites for the deposition
of inorganic minerals such as HAp. Phosphoprotein
containing —PO;>~ side chain groups in collagen
compartments can localize a microenviroment con-
taining free mineral ions and serve to nucleate the
mineral phase heterogeneously [3]. Phosphorylated
Porapak-N, divinylbenzene copolymer and polystyrene
polymers were used to induce the nucleation and growth
of HAp [4]. Polymers containing phosphonate groups
pendant to the polymer backbone chain can also adsorb
onto HAp surfaces [5]. Calcium phosphate was observed
on phosphorylated cotton fibers when immersed in 1.5
SBF solution [6]. Phosphoric acid PO,H, functional
group on the surface of self-assembled monolayers
induced apatite formation, and the growth rate of
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PO,H, is greater than that of other functional groups
such as COOH, CONH,, OH and NH, [7].

Polymer—inorganic hybrid materials have both the
properties of polymers and inorganics. Although poly-
mers are easy to process into a variety of end-use sizes
and shapes, their moduli and strength are much lower
than those of bone and dentine. Ceramics are hard, stiff
and brittle materials. Ceramic materials, such as
hydroxyapatite, the mineral phase of bone, are being
studied because of their stability in a number of
orthopaedic and dental applications as replacements for
bone and dentine. Composites made up of two or more
phases yield a material with properties that are between
those of each phase. Ceramic and polymer composites
have ductility and toughness approaching that of the
polymer component and stiffness and strength
approaching that of the ceramic [8]. In this study, we
have designed copolymers containing the biodegradable
segment poly(e-caprolactone) and pendant functional
groups P(O)(OH), and P(O)(OCHj;),. The copolymers
with P(O)(OH), pendant functional groups provided
nucleation sites for biomineralization in SBF solution.
By mimicking the structure of nacre [9], multi-layered
synthetic biocompatible polymer-HAp composites were
also prepared.

2. Experimental procedure

2.1. Materials and characterization
Functionalized copolymers poly(e-caprolactone-co-
vinylphosphonic acid) (P(MDOVPA), 32mol% of
MDO), poly(e-caprolactone-co-dimethylvinylphospho-
nate) (PMMDOVPE), 60 mol% of MDO, My, /M, is 100
000/27 000) were synthesized in our laboratory [10].

363



Poly(L-lactide) (PLAc) and hydroxyapatite (HAp) were
also synthesized in our laboratory [11]. PLAc has an My,
of 58000 and M, of 47000, respectively. Other
chemicals were obtained from Aldrich. The pH of the
solution was measured by a Fisher pH meter (model
107). Contact angle was measured under water by a NRL
C.A. goniometer (model 100-00 115). X-ray diffraction
(XRD) was recorded by using CuK, radiation (20kV,
15mA) with a Ni filter. Energy dispersive X-ray analysis
(EDX) was performed on an Amray 1000 A SEM,
equipped with Kevex quantum EDX system with an
ultralight window. Fourier transform infrared (FTIR)
spectra were obtained on a Nicolet 60SX FTIR spectro-
meter. Differential scanning calorimetry (DSC) of the
polymers were performed using a TA Instrument, DSC
2929, in N, at a heating rate of 20°Cmin ~'.

2.2. Preparation of PLac-P(MDOQOVPA) film
PLac 0.2 g was dissolved in 10 ml of CH,Cl,. Then 0.2 g
of ground PIMDOVPA) powder was added into the PLac
solution. The mixture was then cast into a film on a glass
plate. After drying, the film was peeled off from the glass
and then hot pressed at 80 °C and a pressure of 2 metric
tons. POMDOVPA) was used as filler in the PLac film.

2.3. Biomineralization of P(MDOVPA) in 1.5
SBF solution

Copolymer POIMDOVPA) 0.3 g was presaturated in a
Imoll~' Ca(NO;), solution. It was stirred in a
Imoll~ " aqueous solution of Ca(NO;), for 24h. The
polymer swelled in the solution and formed a hydrogel.
The hydrogel was filtered and washed with water, and it
was used without drying (SBF0). SBF0 was then put in a
plastic flask with 20 ml of 1.5 SBF (simulated body fluid)
solution for crystallization, setting in a water bath with a
stable temperature of 37.5 °C. SBF solution (1.5 x) was
prepared by adding 15ml each of 2.74moll~ " NaCl,
0.06mol1~ " KCI, 0.05moll~' CaCl,, 0.03moll '
MgCl,,  0.0895moll~' NaHCO;, 0.02moll '
K,HPO, and 0.01moll~ ' Na,SO, to a 200ml volu-
metric flask along with 25ml each of 0.4moll1~' TRIS
((CH,0H),CNH,) and 0.36moll ™ ' HCl with the
remainder of the volume being made up with distilled
water. The pH of 1.5 SBF solution was 7.20. The solution
was refreshed each day. A small amount of polymer was
taken out every 2 days. The crystallization was stopped
after 6 days. Each sample taken out from the flask every
two days was labeled as SBF1, SBF2 and SBF3. All these
samples were dried at 50 °C overnight for characteriza-
tion.

2.4. Biomineralization of PLac-P(MDOVPA)
film

The film was presaturated in a 1moll~' Ca(NO,),
solution for 24 h. The filler PMMDOVPA) swelled in the
solution and formed a hydrogel. The presaturated film
(film0) was then removed from the solution and washed
with distilled water. For biomineralization, filmQ was
placed in a plastic flask with 20 ml of 1.5 SBF, setting in a
water bath with a stable temperature of 37.5°C. The
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1.5 SBF solution was refreshed every day. The
biomineralization time was 2, 4 and 8 days, respectively.
The film after biomineralization (film1, film2 and film3
for 2, 4 and 8 days biomineralization, respectively) was
taken out from the solution and rinsed with distilled
water and then dried.

2.5. Preparation of PLac-P(MDOVPE) blend
A total of 0.5 g of a mixture of the two polymers PLac
and P(MDOVPE) (25, 50 and 75wt% of PLac,
respectively) was dissolved in 10ml of CH,Cl,. The
0.5% solution of the polymer blend mixture was cast into
a film on a glass plate. Glass transition temperatures (Tg)
of the blend (blend1, blend2 and blend3 for 25, 50 and
75 wt% PLac, respectively) were measured by DSC, and
the hydrophilicity was assessed by contact angle
measurement.

Porous PLac-P(MDOVPE) film was also prepared by
adding 0.5 g of NaCl powder (particle size < 150 um)
into 10ml 5% CH,Cl, solution of P(MDOVPE) and
PLac. The mixture was cast into a film and then NaCl
was leached out from the film by placing into distilled
water for 48 h, leaving pores in the film [12].

2.6. Preparation of multilayered blend-HAp
composite

HAp powder 0.5g was dispersed in 10ml of distilled
water and sonicated for 4 h. Then the HAp dispersion was
sprayed onto the porous blend film. Due to the
hydrophilic nature of the polymer blend surface, the
water dispersion covered the entire surface of the film.
After drying, the layered blend-HAP was peeled off from
the glass plate and then cut into even pieces. These pieces
were then piled up with alternating layers of blend and
HAp, respectively. These piled pieces were then placed
between two layers of Teflon and hot pressed at 80 °C and
a pressure of 2 metric tons.

3. Results and discussion
3.1. Biomineralization of P(MDOVPA) in 1.5
SBF solution

The structure of copolymer P(IMDOVPA) is shown in
Fig. 1. It has a biodegradable poly(e-caprolactone)
segment as well as pendant phosphonic acid groups
from a vinyl monomer, vinylphosphonic acid.
P(MDOVPA) has characteristics of a hydrogel with
high swelling ratio in water. Presaturation of

H,CH
_(CH2COOCH2CH2CH2CH2m C o #

P(MDOVPA) PO)OH),

CH,COOCH,CH,CH,CHz}—t CH, CH:
—‘( 2 2Tty 2m 2| a'n—

P(O)(OCH
P(MDOVPE) (O)OCH;),

Figure I Chemical structure of functionalized

P(MDOVPA) and PO(MDOVPE).
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P(MDOVPA)-PLac in Ca(NOj3), solution included the
ionization of protons in phosphonic acid groups and the
formation of a polymer-Ca*" compound, as shown in the
equilibrium 1

Juuuuwn Jyuuuuun

I I

HO—P =0 + Ca’* ——= | "0—P =0 | Ca’t (1)
I I
OH on

The formation of —PO3~Ca’>" was observed by both
FTIR and EDX. Fig. 2(a) is the FTIR spectrum of the
copolymer P(MDOVPA) including ester group
(1734cm ™~ l) and pendant —P(O)(OH), groups (3400—
2400cm ). After presaturation, the phosphonic acid
still exists, but part of the acidic group was exchanged by
Ca®". This was confirmed by the appearance of a new
peak at 90lcm ™' in the FTIR spectrum of the
presaturated polymer (Fig. 2b), which corresponds to
the P-O stretching of a —PO3 Ca®" salt [11,13]. The
absorption of P—O™ at 901 cm ~ ! is also present in HAp
[10]. Furthermore, EDX analysis showed a significant
amount of Ca in SBFO (Table I), confirming the presence
of Ca in SBFO.

The P—O™' absorption at 90lcm ™' was also
observed in all the biomineralization products. The
relative intensity in this absorption of SBF3 was larger
than that of SBFO, indicating the increased amount of
P—O"~ content in SBF3. This absorption in SBF3 was
caused partly by the calcium salt formation, as SBFO did.
But the absorption from apatite was also possible. The
presence of Ca in the biomineralization samples was also
examined by EDX. All the biomineralization samples
showed the presence of Ca. EDX was generated from
different areas of the samples. Analysis of the three areas
per sample indicated the sample’s inhomogeneousness
(Table I). The hydrophilic phosphoric acid groups were
present not only on the surface of the polymer but also
inside the hydrogel which was filled with SBF solution.
Because the deposition of apatite was induced by the
phosphonic acid group [7], thus biomineralization
occurred in different areas of the copolymer. The initial
step of biomineralization of apatite involved the ion-ion
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Figure 2 FTIR spectra of copolymer P(MDOVPA) and its biominer-
alization products: (a) POIMDOVPA), (b) SBFO, (c¢) SBF1, (d) SBF2,
(e) SBF3.

TABLE I Ca/Pof SBFO and SBF3 in three different areas

Sample SBFO SBF5
Area 1 Area?2 Area3 Areal Area2 Area3
Ca/P 0.3 0.3 0.8 0.4 0.4 0.9

interaction of phosphonic acid anion with Ca>", and then
the formation of calcium phosphate (apatite) by the ion—
ion interaction of Ca>" and HPO,?~. The heterogeneous
growth of apatite was probably caused by the local high
concentration of Ca”, as found in some other systems
[4,7].

FTIR spectra of the biomineralization products (Fig.
2) also showed the degradation of the polymer
P(MDOVPA) when in 1.5 SBF solution. POIMDOVPA)
showed an ester peak at 1734 cm ~'. After presaturation
in 1 moll~ " of Ca(NO,), for 24 h, the polymer (SBF0)
showed a degraded product with an absorption at
1645cm ~ ', which corresponds to the acidic carbonyl
stretching [10]. From SBFO to SBF3, the relative
intensity of the acidic carbonyl stretching increased,
indicating the increasing amount of degradation product.

Fig. 3 is the XRD of the copolymer P(MDOVPA),
SBFO and the biomineralization product SBF3. The
copolymer P(MDOVPA) and SBFO are totally amor-
phous and showed a broad peak at 20 =20° (Fig. 3a and
b, respectively). SBF3 showed a small sharper peak at
20 =31.5°, indicating the formation of apatite. Thus
calcium is not only from the formation of a calcium salt
but also from the deposition of apatite [11, 15].

3.2. Biomineralization of PLac-P(MDOVPA)
film

As shown in Fig. 4, PMDOVPA) powder was used as
filler in the PLac film. P(MDOVPA) has pendant
hydrophilic functional groups P(O)(OH), in the SBF
solution. The ionic functional groups act as the
nucleation sites for the formation of apatite, similar to
the biomineralization of the pure PIMDOVPA) powder
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Figure 3 XRD pattern of copolymer PIMDOVPA) and its biominer-

alization products: (a)P(MDOVPA), (b) SBFO, and (c) SBF3.
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Figure 4 P(IMDOVPA) serves as filler in PLac film. The filler has
P(O)(OH), functional groups acting as nucleation sites.

in SBF solution as discussed above. The formation of
apatite on the P(MDOVPA)-PLac film was observed by
XRD (Fig. 5). XRD of the film before biomineralization
only showed a broad peak at 20° (Fig. 5a, indicating the
amorphous properties of the film. After biomineraliza-
tion for 2 and 4 days, a small peak showed at 260 =31.5°
(Fig. 5b and c, respectively). After 8 days, this peak
increased (Fig. 5d), showing the increasing amount of
apatite formed.

3.3. Multi-layered PLac-P(MDOVPE) blend-
HAp composites

Blends of PLac and POIMDOVPE) polymers were made
by a solution technique. The latter has been used to
incorporate water soluble polymers, such as polyethylene
oxide into the surface of the polymeric biomaterials, such
as poly(methylmethacrylate) [15]. The polymer blend
formed a transparent film while spin coating. If the two
polymers are compatible, a single glass transition
temperature should be observed, intermediate between
the T,s of the two separate polymers at a value
determined by the weight fraction of the two polymers
and approximated by the Fox equation [16]. The DSC
thermograms of all the blends showed a broadened T,
while the T, of PLac still remained (Fig. 6).
P(MDOVPE) is totally amorphous with a low and
broad T, (due to its high molecular weight distribution)
of —18°C. PLac is a highly crystalline material with a
higher T, of 67°C and a T;, of 178 °C. After blending, a

Figure 5 XRD pattern of PLac-P(MDOVPA) film and its biominer-
alization products: (a) PLac-P(MDOVPA) film, (b) film1, (c) film2 and
(d) film3.
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Figure 6 DSC thermograms of PLac-P(MDOVPE) blends (a) PLac,
(b) blendl, (c¢) blend2, (d) blend3, and (¢) POIMDOVPE).

broadened Tg occurred in the region of 0°C, in between
the T, of AMDOVPE) and PLac. The single T, indicates
the phase-mixed or interpenetrating P(MDOVPE) and
PLac chains [17]. The blending of the two polymers also
changed the physical properties of the polymers. The
copolymer P(IMDOVPE) is sticky at room temperature
due to its low Tg, but after blending, the film can be taken
off the substrate. Furthermore, blending of the bio-
degradable PLac and potentially biocompatible
P(MDOVPE) would maintain the biodegradability and
biocompatibility of the materials.

Measurement of contact angle on the blend surface
gave an indication of the relative hydrophilicity of these
surfaces before and after blending. Decreasing contact
angles indicate increasing hydrophilicity, and a better
attachment of the HAp water dispersion on the surface of
the blends than on PLac, as depicted in Fig. 7. Fig. 8
shows that the contact angle decreases with the
increasing amount of P(MDOVPE). PLac is hydro-
phobic, but P(IMDOVPE) has a hydrophilic pendant
functional group P(O)(OCHj;), which imparts hydro-
philicity to the blends.

The porous structure of the blend film was observed by
SEM, (Fig. 9a). Pore size is below 150 um, as determined
by the particle size of NaCl. Porous polymeric materials
have been utilized for various applications [18-20].
Macroporous matrices are structurally similar to cancel-
lous bone in their porosity [21]. Pores allow sufficient
space to promote cell growth and transport of nutrients
for maintenance of growth in matrix environment [12].
The multilayered alternating structure of blend-HAp was
observed by SEM (Fig. 9b). HAp layer is the white
powder layer between two layers of films. It has a depth
of about 30 um. The film layer is approximately 5 pum
thick. The thickness of the polymer layer can be
controlled by the concentration of the polymer solution
while casting film and the hot press pressure, and the load
of HAp on the polymer film can also be adjusted by
varying the HAp concentration in the water dispersion.

a4

Figure 7 HAp water dispersion has a better adhesion with the blend
film than with the PLac film.

== P P LE X H ke



Contact angle

0 < i } t i
0 25 50 75 100

PLac wt%

Figure 8 Contact angle of PLac-P(MDOVPE) blend versus PLac wt%.

Figure 9 SEM of PLac-P(MDOVPE) blend-HAp composites: (a) porous structure of PLac-P(MDOVPE) film, and (b) multi-layered alternating

structure of composite.

4. Conclusions

Copolymers P(MDOVPA) and P(IMDOVPE) containing
biodegradable poly(e-caprolactone) segment and pen-
dant functional groups P(O)(OH), and P(O)(OCHj;),,
respectively, were used to make composites with PLac
and HAp. HAp can grow on the P(IMDOVPA) powder
and PLac-P(MDOVPA) film in SBF solution.
Degradation occurred in the process of biomineraliza-
tion. The blend of PLac and POIMDOVPE) has good
hydrophilicity, and was used to make a multi-layered,
alternating, porous structure of HAp-blend. These
materials, combining the biodegradable organic polymer
components and inorganic biomaterial, have potential
application as implants.
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