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ABSTRACT
The composites of poly (L-lactc acid) (PLLA) and hydroxyapatite
(HAp) were easily fabricated by ring-opening polymerization of L-lactide
in porous HAp disks under microwave irradiation without any additional
catalyst. Ring-opening polymerization of L-lactide in the porous HAp
proceeded efficiently at relatively lower reaction temperatures and for
shorter times. By use of the MW methods, PLLA/HAp composites with
excellent mechanical properties, which were higher than those of pristine
HAp were obtained.
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COMMENTARY
Hydroxyapatite (Ca10(PO4)6(OH)2; HAp) has been currently used in hard tissue engineering due to its excellent biocompatibility
and osteoconductivity [1-3]. However, the brittleness and relatively low mechanical properties of HAp limit its usefulness in bone
implants. Thus, much attention has been focused on the hybridization of HAp with suitable polymers in order to obtain high
mechanical properties enough to match those of human bones [4,5]. Among them, composites of HAp and poly (L-lactic acid)
(PLLA) or PLLA based copolymers have been extensively studied due to the favorable characteristics of PLLA [6]. Most of the
reported PLLA/HAp composites were fabricated from hybridization of HAp with pre-synthesized PLLA using various catalysts such
as organometallic compounds and lipases [7-10]. The toxicity of organometallic compounds and the poor reproducibility of lipase
catalysts are also problems that hinder obtaining biomaterials desired for applications.
We have previously succeeded in preparing PLLA/HAp hybrids by ring-opening bulk polymerization of L-lactide in porous HAp
without any catalysts [11]. Because OH groups on porous HAp surfaces can act as activation sites for the ring-opening polymerization
of L-lactide, PLLA can directly hybridize with HAp by our method. Although the mechanical properties were superior to those of
pristine HAp, the polymerization needed 7 days at 130ºC, and the hybridizing processes have not been simplified and optimized
yet. On the other hand, there has been growing interest in microwave (MW)-assisted polymerization from the view-point of green
chemistry. Although numerous MW-assisted polymerizations have been investigated [12,13], there are few reports relating to the
polymerization in inorganic matrices using MW heating, which is expected to occur as localized reactions. Herein, we attempted
to fabricate PLLA/HAp composites by MW-assisted ring-opening polymerization of L-lactide in porous HAp without additional
catalysts.
Porous HAp pellets with approximately 40% porosity were obtained by sintering fibrous HAp pellets at 1200°C for 5 h [14].
Each porous HAp pellet was immersed in melted L-lactide at 130°C, and the mixture was freeze-thaw degassed three times in
order to fill up the pores with L-lactide, as shown in Figure 1a. The MW-assisted ring-opening polymerization of L-lactide in porous
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HAp was carried out in a CEM Discover monomodal MW oven with a frequency of 2.45 GHz and a maximum output power of
150 W. The porous HAp pellets filled with L-lactide were subjected to MW irradiation for 2 or 8 h at various temperatures (130,
150, 170, 190, or 210°C). Obtained PLLA/HAp composites were characterized by 1H NMR, FT-IR, GPC, SEM, and TG-DTA. For
1
H NMR and GPC measurements, PLLA in porous HAps was extracted from ground composites by dissolving in chloroform and
tetrahydrofuran, respectively. The filling rate of PLLA in porous HAp, the weight percentage of PLLA filled in the pores of HAp,
was determined from the weight loss after the thermal decomposition of PLLA around 200°C observed by TG-DTA of PLLA/HAp
composites. Here, filling rates of PLLA are equivalent to yields of PLLA, and a filling rate of 100% means that the pores are fully
covered with PLLA. The mechanical properties of composites were estimated by three-point bending tests. The polymerization of
L-lactide in porous HAp under conventional heating was also conducted in oil for comparison.

Figure 1. Scheme of in-situ polymerization of L-lactide in a porous HAp pellet using MW-irradiation.

Table 1 shows the molecular weights and filling rates of PLLA in the PLLA/HAp composites fabricated by MW or conventional
heating for 2 or 8 h at various temperatures. Ring-opening polymerization was successfully achieved in porous HAp for both MW
and conventional heating methods by selecting certain reaction conditions. In the 1H NMR spectra, the PLLA extracted from
obtained PLLA/HAp composites showed a chemical shift at 5.17 and 1.57 ppm, while L-lactide showed two chemical shifts at
5.02 and 1.67 ppm. In FT-IR spectra of the PLLA, the peaks assigned to C-H and C=O stretching vibrations are observed at 3000
and 2950 cm-1, and at 1755 cm-1. These results indicate that HAp functions as the catalyst for the ring-opening polymerization
of L-lactide. For 2 h at 130 or 150°C, L-lactide was polymerized by MW nor conventional heating. When the reaction time was
extended to 8 h, PLLA was also obtained by the conventional method; however, the Mw was clearly lower than that prepared by
MW heating. This result demonstrates that MW accelerates the polymerization of L-lactide. In the case of MW heating, the Mw
of PLLA increased with increasing the reaction temperature from 130 to 170°C and decreased beyond 190°C. On the contrary,
the Mw of PLLA prepared by conventional heating increased with the reaction temperature up to 210°C. The filling rate of PLLA
determined by TG-DTA also depended on the reaction temperature and the heating method. The filling rate for MW heating
increased with increasing the reaction temperature from 130 to 170°C, but decreased beyond 190ºC. The maximum filling rate
of PLLA reached to 21% wt at 170°C. In the case of the conventional heating, the filling rate gradually increased and reached
the maximum value at 210°C. These results suggest that the MW heating at higher temperatures causes decomposition of PLLA,
resulting in low molecular weights and filling rates at 190 and 210ºC. Under conventional heating, heat comes from outside
through materials, and it takes much time to attain thermal equilibrium. Dipole rotation and ion conduction transfer thermal
energy from MW to substances, leading to instantaneous localized superheating regardless of thermal conductivity [15,16].
Table 1. Characteristics of PLLA/HAp composites fabricated by MW or conventional heating methods at various conditions. a) Determined by
GPC, b) Determined by TG-DTA. c) MW: Microwave heating, d)∆: Conventional heating.
Temp/°C

Time/h

Mwa
MW
700
14,400
7,100
15,900
7,700
12,300
c

130
130
150
170
190
210

2
8
2
2
2
2

∆
2,900
12,200
17,200
16,200
d

MW
1.05
1.51
4.33
1.41
1.37
1.47

Mw/Mna

∆
1.84
2.45
1.56
1.68

Filling rate of PLLAb/wt%
MW
D
7.3
0.8
18.8
11.6
15.1
7.3
21
14.9
16.5
16.9
10.2
18.2

Ritter et al. reported that solid particles are rapidly heated under MW irradiation leading to specific heating effects of solid
. Similarly, the observed faster polymerization under MW irradiation can be ascribed to specific heating of the hydroxyapatite
matrix. As a result, high filling rates of PLLA in porous HAp were obtained under MW irradiation at relatively lower reaction
temperatures. Figure 2 shows the cross-sectional SEM images of the PLLA/HAp composites prepared by MW irradiation for 2
h. After MW-assisted polymerization, the pores in pristine HAp pellets (a) were gradually filled-up with PLLA, and the smoothest
surface was observed at 170°C. The surfaces of composites became rough for the sample prepared at 210°C. The mechanical
properties of PLLA/HAp composites are strongly dependent on the molecular weights and on the filling rates of PLLA. Figure 3
shows the bending strength and fracture toughness of PLLA/HAp composites fabricated by MW (a) or conventional heating (b)
[17]
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methods. The bending strength and fracture toughness were higher than those of pristine HAp and were strongly dependent on
the reaction temperature, and the maximum values (62.0 MPa and 1.0 MPa m1/2) were obtained at 170°C for the MW heating.
For conventional heating, the mechanical properties of composites increased with the reaction temperature. It was found that the
MW-assisted polymerization modified the mechanical properties of PLLA/HAp composites more effectively over the temperature
range examined in this study compared with the conventional method.

Figure 2. Cross-sectional SEM images of porous HAp (a) and PLLA/HAp composites fabricated by MW heating for 2 h at 130°C (b), 170°C (c),
and 210°C (d).

Figure 3. Mechanical properties of PLLA/HAp composites fabricated by MW (a) or conventional methods (b) at various reaction temperatures.
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