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Enhanced toughness of hydroxyapatite—
poly(ethylene terephthalate) composites by
immersion in waterfy

Yui Okuda, 2 @ Ken Hirota, {2/ ¢ Tadashi Mizutani (2 *® and Yusuke Numamoto
Water-soluble poly(ethylene terephthalate) bearing carboxylate groups on 14-22% of its phenylene moieties
were coprecipitated with calcium ion and phosphate ion in water at room temperature, 70 °C, and 90 °C to
obtain the composites of hydroxyapatite and the polymer. Composite powders with inorganic weight fractions
of 30%, 50% and 70% were prepared to explore the effects of the inorganic weight fraction on the water resis-
tance of the composites. The composite powder was compressed with hot pressing at 120 MPa and 120 °C.
The compacts showed bending strengths of ~42 MPa and elastic moduli of ~4.2 GPa. After immersion in
water for 1 week at 37 °C, the bending strengths of the compacts coprecipitated at 90 °C, containing 30 or
50 wt% hydroxyapatite, were ca. 70% of those of the pristine compacts. Moreover, the compacts with the
inorganic weight fraction of 50% immersed in water did not break into two pieces in the bending test. The

strain at break and the fracture energy were four times larger after immersion in water. Therefore, the immer-
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Introduction

Bones are formed by the precipitation of amorphous calcium
phosphate in the gaps of collagen fibrils. Subsequent crystallization
of the amorphous phase to hydroxyapatite occurs to afford the
highly oriented composite of protein fibers and the platelet inor-
ganic crystals." Bone is a lightweight, tough, ductile, and green
material. Cortical bone contains ca. 70 wt% hydroxyapatite (HAP) or
non-stoichiometric carbonated apatite.” Non-collagenous pro-
teins such as osteocalcin and osteopontin®® play important roles in
biomineralization.>® Osteopontin contains serine and threonine,
and some of their hydroxy groups are phosphorylated. It also
contains the poly(aspartic acid) region.’® Osteocalcin contains
y-carboxyglutamic acid, and the -CH(COO™), group in the side
chain can chelate Ca>*. These anionic groups bind to calcium ion
and to the {100} surface of HAP."" These functional groups serve as
nucleation sites of hydroxyapatite and binding sites to the surface
of hydroxyapatite crystals to regulate the crystal growth.

The interface between HAP and the organic phase in bone
has been the subject of investigations. Citrate was shown to
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sion in water improved the toughness of the composite of hydroxyapatite and the carboxypolyester.

bind to the surface of HAP at a density of 1 molecule per 4 nm*
to endow the HAP surface with hydrophobicity.'* NMR studies
indicated that there are polysaccharides on the surface of
HAP." Adsorption of polar molecules such as citrate and
polysaccharides indicates that the HAP surface is quite hydro-
philic. These polar functional groups would stabilize the inter-
face and possibly improve the mechanical properties, such as
elastic moduli, a major function of hard tissues. Collagen also
contains hydrophobic moieties such as proline, glycine, and
alanine, and the total mol% of these hydrophobic amino acids
is 63%." These hydrophobic moieties could confer water
resistance to collagen and bone.

There have been many studies on hybridization of polymers
and hydroxyapatite with a variety of protocols of hybridization,
such as mechanical mixing of polymer with HAP crystals,"®"”
polymerization of monomers in the presence of HAP,'® crystal-
lization of HAP in polymer hydrogels,"*' and coprecipitation
of polymers and HAP.?>7** Bonfield et al.'®*® reported that
mixing of high-density polyethylene with HAP realized compo-
sites whose elastic moduli can be controlled by the volume
fraction of HAP in the range between 0.9 and 12.1 GPa, which
covers a part of the range of the elastic moduli of natural bones
(5-22 GPa).*® It should be noted, however, that the composite of
hydrophobic polymer and HAP was not necessarily water-
resistant. Ritchie and coworkers®” demonstrated that the bend-
ing strength of the composite of polylactic acid and HAP was
reduced to 10-20% by exposure of the compact to humid air at
37 °C.
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Among various strategies to prepare composites, coprecipi-
tation of water-soluble polymer with calcium ion and
phosphate ion is a facile route to obtain nanocrystals of
hydroxyapatite hybridized with the polymer.*®*° The approach
is also biomimetic and ecologically benign. Anionic functional
groups in polymers can act as a heterogeneous nucleation site
during coprecipitation, and are expected to lead to efficient
hybridization at a molecular level.”*°™*> To prepare composite
materials with excellent mechanical properties, the size and
morphology of hydroxyapatite crystals should be controlled.
The size and morphology of hydroxyapatite can be controlled by
adjusting the functional groups of the polymer, the source of
inorganic ions, concentrations of both the polymer and inor-
ganic ions, temperature, pH and other coprecipitation para-
meters. For the importance of anionic functional groups in
polymers, we previously reported that polyvinyl alcohol and
starch bearing -OPO;>~ groups afforded a tough composite
in which the phosphate groups lead to nucleation of HAP
and possibly stabilize the organic/inorganic interface.****
Grohndahl et al.,** Yao et al.,*® and we** reported that anionic
functional groups such as -COO™~ and ~OPO;>~ effectively bind
to HAP to regulate the crystal growth.

For practical use of these composites, a water absorption
test is particularly important.?” Although polymer-hydroxyapa-
tite composites were precipitated from water, these composites
were not necessarily water-resistant, owing to the hydrophilic
nature of the surface of HAP and the polymer. Previously, we
reported that water-soluble polymers such as tapioca starch
coprecipitated with HAP almost quantitatively, and the obtained
composites exhibited bending strengths of 20-61 MPa.** How-
ever, the HAP-starch composites absorbed water, and they
became soft when soaked in water. Therefore, if we attempt to
employ these composites as mechanical materials or bone sub-
stitutes, the effects of water on the mechanical properties of the
composites should be clarified. The following two strategies are
expected to be effective. (1) Introduction of hydrophobic moieties
to the polymer will improve the water resistance of the composite.
(2) Complementary polar functional groups on the polymer and
those on the surface of the HAP crystals will cancel the polarity
and render the interface hydrophobic, while free polar functional
groups on the polymer and the HAP surface will be easily hydrated
to lead to water-sensitive composites. Therefore, the ratio of polar
groups and nonpolar groups in the polymer as well as the weight
ratio of the polymer and hydroxyapatite are correlated and should
be optimized to obtain water-resistant composites.

Koutsoukos and co-workers reported coprecipitation of HAP
with copolymers having hydrophobic phenylene moieties.*®
The composites of poly(ethylene terephthalate) have been
studied for various applications.**>* In this work, we employed
poly(ethylene terephthalate) carrying carboxylate groups in
some of the phenylene groups, as a water-soluble polymer
containing hydrophobic moieties, to develop water-resistant
composites. We focused on the effects of the hydrophilicity/
hydrophobicity balance of the polymer as well as the polymer/
HAP ratios on the water resistance of the composites in this
study. We found that the composites containing 50 wt% HAP
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were water-resistant. The main chain of hydrophobic poly(ethylene
terephthalate) played a significant role in the water resistance of the
composites, and the composites after immersion in water retained
ca. 70% of the bending strength of the pristine compact. The strain
at break and the fracture energy of the composite were four times
larger after it was immersed in water. Thus, the compact was
tougher after immersion in water. We suggest that the carboxylate
groups of the polymer confer water-solubility for coprecipitation to
the polymer, interact with calcium ions to nucleate hydroxyapatite
crystals, and contribute to a stable organic-inorganic interface,
while the hydrophobic poly(ethylene terephthalate) main chains
confer water-resistance to the composites.

Materials and methods
Materials

A 25 wt% aqueous solution (pH 6.5-8.5) of poly(ethylene
terephthalate) bearing -COO NH," groups in 14-22% of the
phenylene groups, PLAS COAT Z-730, with a molecular weight
of ca. 3000 was provided by Goo Chemical Corporation, Ltd.
The polymer will be abbreviated as CPET. CaCl,-2H,0,
Na,HPO,, NaOH, methanol and acetone were purchased from
FUJIFILM Wako Pure Chemical Corporation.

Instrumentation

X-Ray diffraction (XRD) spectra of the composite powder were
recorded on a Rigaku SmartLab diffractometer with Cu-Ko
radiation. The crystallite size of HAP, L, was calculated from
the full-width of the diffraction peak at half of the maximum
intensity (FWHM) of the (002) and (310) peaks using the
Scherrer equation: L = 0.94/(B cos 0), where 4 is the wavelength
of the X-ray, B measured in radians is the full-width at half
maximum of the 20 peak, and 0 is the Bragg angle for the peak.
Thermogravimetric and differential thermal analysis (TG/DTA)
was performed with a Shimadzu DTA-60 thermal analysis
instrument. The composite powder was heated in an alumina
pan at a rate of 20 °C min ! in air. Fourier transform infrared
spectra (FT-IR) were recorded on a JASCO FT/IF-4600 spectro-
meter as KBr pellets. UV-visible spectra were obtained on an
Agilent 8453 UV-visible spectrophotometer, using a 1 cm path-
length quartz cuvette. Scanning electron microscopy (SEM)
images of the fracture surface were observed with a Hitachi
High-Technology SU8020 scanning electron microscope.

Preparation of CPET-HAP composites by coprecipitation of
CPET, Ca**, and PO,

Preparation of composite powder with 30 wt% HAP (sample
1). In a 300 mL beaker was placed 25 wt% aqueous CPET-NH,"
(21.76 g); a mixture of 0.2 M Na,HPO, (69.7 mL) and 1 M NaOH
(18.6 mL) was added, and the resulting solution was stirred
at room temperature for 10 min. Then, 0.2 M aqueous CaCl,
(116 mL) was added dropwise at a rate of 0.06 mL s ' at room
temperature (listed as the coprecipitation temperature in
Table 1). After the addition, the suspension was stirred at room
temperature (listed as the aging temperature in Table 1) for 1 h.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Preparation of CPET—-hydroxyapatite composites

1M
25wt% 02M  NaOH 0.2M Aging
IC¢eea CPET  Na,HPO, aq. CacCl, Coprecip. temp.
Sample (Wt%) aq. (g) aq.(mL) (mL) aq.(mL) temp. (°C) (°C)
1 30 21.76 69.7 18.6 116 r.t. r.t.
2 50 9.32 69.7 18.6 116 I.t. I.t.
3 70 4.0 69.7 18.6 116 r.t. r.t.
4 30 21.76 69.7 18.6 116 r.t. 70
5 50 9.32 69.7 18.6 116 r.t. 70
6 70 4.0 69.7 18.6 116 r.t. 70
7 30 21.76 69.7 18.6 116 r.t. 90
8 50 9.32 69.7 18.6 116 r.t. 90
9 70 4.0 69.7 18.6 116 r.t. 90
10 30 21.76 69.7 18.6 116 70 70
11 50 9.32 69.7 18.6 116 70 70
12 70 4.0 69.7 18.6 116 70 70
13 30 21.76 69.7 18.6 116 90 90
14 50 9.32 69.7 18.6 116 90 90
15 70 4.0 69.7 18.6 116 90 90

The suspension was transferred to a 1 L beaker, excess distilled
water was added, and the white precipitates were collected by
suction filtration. The powder was washed with water several
times. The powder was transferred to a 300 mL beaker and was
dried at room temperature in vacuo overnight, pulverized, and
dried at 80 °C for 2 h in vacuo. The dried powder was subjected
to TG/DTA, XRD, and FT-IR studies to evaluate the inorganic/
organic weight ratios and the crystallinity of HAP and CPET
conformations in the composites.

Preparation of composite powders with 30, 50, and 70 wt%
HAP (samples 2-15). Samples 2-15 with varying feed ratios
of the organic component to the inorganic component
were similarly prepared according to the conditions shown in
Table 1. The temperatures of coprecipitation and those of aging
were room temperature, 70 °C, or 90 °C. ICg.q is the weight%
of HAP in the composite, which was calculated assuming
that all added Ca®>" and PO,’~ were crystallized as HAP,
Ca;9(PO4)s(OH),, and that all CPET was incorporated in the
composite.

Preparation of sodium salt of CPET (CPET-Na®) for FT-IR
studies. To an aqueous solution of 25 wt% CPET-NH," (50 mL)
was added 5 M NaCl aq. (100 mL) to obtain a turbid suspen-
sion. Excess water-acetone (1:1) was added to precipitate
CPET-Na'. The supernatant was removed by decantation. To
the turbid suspension was added distilled water to obtain white
precipitates. The precipitates were filtered and washed with
water, followed by washing with a small amount of methanol.
The white precipitates were dried in vacuo at 80 °C for 1 h.

Densification of the composite powder

The composite powder was placed in a mold with a rectangular slot
with dimensions of 4 mm x 13 mm, and it was uniaxially pressed
at 120 MPa at 120 °C for 5 min to obtain a white rectangular
parallelepiped with dimensions of 4 mm x 13 mm x 1.5-2.0 mm.

Three-point bending test of the composite compacts

A three-point bending test was carried out using a bending
testing machine (MZ-603, Maruto Instrument Co., Ltd, Japan)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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with a cross-head speed of 0.5 mm min~". Details of the three-
point bending test were described in a previous paper.*
Fracture energy was calculated from the area between the
stress—strain curve and the horizontal axis. Standard errors of
the mean of the mechanical properties were determined based
on 3-5 independent determinations. The fracture surface was
observed using SEM.

Water resistance test of the composite compacts

The compacts were immersed in water (20 mL) either at room
temperature for 24 h or at 37 °C for 1 week. After immersion in
water, the compact was wiped with paper to remove the water
on the surface, and the increase in weight divided by the weight
of the dry compact, Aw/w, was determined: Aw/w = weight
increase/dry weight x 100 (%). The compacts were then imme-
diately subjected to a three-point bending test in order to
evaluate the effects of water immersion on the mechanical
properties. The UV-visible spectra of the aqueous phase after
immersion of the compacts were recorded to evaluate the
amounts of dissolved CPET. The CPET-NH," solution at a
concentration of 8 mg L' showed absorbance of 0.44 at
240 nm. The concentrations of CPET in the aqueous phase
were determined based on the absorbance at 240 nm.

Results and discussion
Hybridization of hydroxyapatite with CPET by coprecipitation

Water-soluble poly(ethylene terephthalate), CPET, has carboxy
groups on 14-22% of the phenylene groups in the main chain
of poly(ethylene terephthalate) (Scheme 1). The carboxy groups
render the polymer water-soluble, and coprecipitation can be
carried out in water; meanwhile, the hydrophobic main chain
would confer water-resistance to the composite. Hybridization
was performed by coprecipitation of the polymer and the
inorganic ions in water. To an alkaline aqueous solution
containing CPET and phosphate ions was added aqueous
calcium chloride to precipitate CPET-HAP composites at three
temperatures: room temperature, 70 °C, and 90 °C. The suspen-
sions were aged at room temperature, 70 °C, or 90 °C
(Scheme 2). The coprecipitation conditions are summarized
in Table 1. Table 2 shows that the yields of the coprecipitated
powder were 82-95%.

The weight fraction of the inorganic phase in the composites
was determined by thermogravimetry. The composite powder
was heated from room temperature to 100 °C in air at a rate of
20 °C min~', maintained at 100 °C for 10 min, heated to
1000 °C at a rate of 20 °C min !, and maintained at 1000 °C
for 10 min. The weight% of the inorganic components in the

9 9 /0%
H OCHZCHQO—C—@C OCHCH,0-C—y  )-C—OH
©00c
n m
NH,

Scheme 1 Structure of CPET.
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Na,HPO,
+NaOH aq CaCl,aq Na*+ Cl-
|:> CPET + Na*
+PO,* | Coprecipitation Aging CPET’H’.\P
CPET +OH composite

Scheme 2 Coprecipitation of CPET and hydroxyapatite.

composites (IC) was calculated as a ratio of the weight at
1000 °C to that at 100 °C. We used the feed ratios of CPET to
Ca**/PO,*” ions to prepare composites with inorganic weight
fractions of 30%, 50%, and 70%, assuming that all the inor-
ganic ions were precipitated as HAP and all CPET was incorpo-
rated in the composite powder. As shown in Table 2, the ratios
of HAP to CPET in the composites determined by TG agreed
well with those of the feed ratios, indicating that inorganic/
organic weight ratios in the composites can be easily controlled
by adjusting the feed ratios.”®

The XRD patterns of the composite powder of samples 1-15
are shown in Fig. 1 and Fig. S1 (ESIf). Sample 1, coprecipitated
at room temperature in the presence of a high concentration of
CPET, exhibited only a broad diffraction pattern, showing that
amorphous calcium phosphate formed. Except for sample 1,
the characteristic diffraction peaks due to HAP were observed.
The peaks are indexed based on the hexagonal HAP in Fig. 1.
The diffraction peaks of samples 2-3, coprecipitated and aged
at room temperature, were broad, showing that crystallization
of HAP at room temperature proceeded slowly. The crystallite
sizes were calculated using the Scherrer formula and are listed
in Table 2. The crystallite size of HAP increased as the coprecipita-
tion temperature and aging temperature were increased. Aizawa
et al.>® reported that HAP crystals obtained by homogeneous
precipitation grew to the c-axis to form fiber-like crystals. We also
observed that the HAP crystal grew to the c-axis, and the length of

Table 2 Yields (Yops) Of the composites, the inorganic weight fraction in
the composite (IC), the crystallite sizes and the aspect ratios of HAP in the
composites

Crystallite  Crystallite
Yobs) & size along  size along  Aspect

Sample (Yops/Yearca%)? IC (Wt%) c-axis (nm) a-axis (nm) ratio c/a
1 7.1 (91) 25 “ “ “

2 4.4 (95) 45 16 5 3.3

3 3.0 (89) 63 14 6 2.6

4 7.1 (91) 25 22 6 3.9

5 4.4 (94) 46 21 6 3.7

6 3.0 (89) 65 20 7 3.0

7 7.0 (91) 26 23 6 3.8

8 4.4 (94) 46 26 7 3.8

9 2.9 (87) 65 25 7 3.3

10 6.9 (89) 26 26 6 41

11 3.8 (82) 47 33 9 3.7

12 2.8 (83) 68 35 9 3.8

13 6.9 (89) 26 31 8 4.1

14 3.7 (79) 49 36 8 4.7

15 2.8 (84) 68 33 9 3.8

“XRD showed that only an amorphous inorganic phase formed.
b calculated yield, Y., was obtained by assuming that all calcium
ions and phosphate ions were precipitated as HAP, Ca;(PO,)s(OH),,
and all CPET was incorporated in the precipitate.
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Fig. 1 The XRD patterns of samples 1-3 and 10-15.

the fiber-like crystals was 26-36 nm when coprecipitation was
carried out at 70-90 °C.

Crystals of apatite of fish bone are platelet-shaped and are
2 nm in thickness, 20 nm in width, and 30 nm in height.>®
Samples 12 and 15 coprecipitated at 70 °C/90 °C and IC of
70 wt% showed a similar crystallite size and aspect ratio to
those of the apatite of bone. Li and coworkers reported that the
nanometer size of HAP crystal makes significant contributions
to the mechanical properties of HAP-polyamide composites.””
Uniform dispersion of nanometer-sized particles with a high
aspect ratio leads to a wide interface area, and this would result
in superior mechanical properties of bone and the composites.
Table 2 shows that the aspect ratios, c/a, were 2.6-4.7, and they
increased as the coprecipitation temperature was increased.
For the present composites, coprecipitation at 70-90 °C helped
the crystallization of HAP to create a ‘“brick and mortar”
structure®® in the composite.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 TG/DTA traces of the composites containing 30 wt% HAP.

An energy dispersion X-ray spectroscopy study showed that
the atomic ratio Ca/P/C/O = 12:9:37:40 for sample 14 (Fig. S6,
ESIT). The Ca/P ratio was 1.3, and the value is close to the
chemical formula of HAP (Ca;(PO,4)3(OH),, Ca/P = 1.6).

The thermogravimetry (TG) and differential thermal analysis
(DTA) traces of the composites containing 30 wt% of HAP are
shown in Fig. 2. Other TG/DTA traces are shown in Fig. S2
(ESIT). All the composite samples exhibited a weight loss
started at 310 °C with an exothermic peak in DTA, and the
weight loss ended at 530 °C. This weight loss was ascribed to
the thermal decomposition of CPET.

Infrared spectra of the composite powder

The infrared spectra of sample 11, CPET-Na', and HAP are
shown in Fig. 3. The infrared spectrum of sample 11 showed
peaks at 561 and 605 cm ™" (O-P-O bending), 730 cm ™" (C-H
out-of-plane bending vibration of the p-substituted aromatic
ring), 1029 cm~" (P-O stretching), 1102 cm ™" (ester C-O-C
symmetric stretching and P-O stretching), 1270 cm ™" (ester
0-C-O antisymmetric stretching), 1722 cm™ ' (ester C=0
stretching), 2965 cm™ ' (C-H stretching of ethylene), and
3432 em™ " (O-H stretching). Fig. 4 shows the expanded spectra
between 1350 and 1800 cm ™" of the composite with the inorganic
weight fraction of 70%. The symmetric and antisymmetric stretch-
ing of the carboxylate group appeared at 1410 cm™ ' and in a region
between 1550 and 1610 cm™ ', respectively. The antisymmetric
stretching of the carboxylate group may overlap with the C—C

Absorbance

0.0 —

T T T T T T
3500 3000 2500 2000 1500 1000 500

Wavenumber, cmA|
Fig. 3 The infrared spectra of sample 11 (black), CPET-Na* (red), and HAP
(blue).

4000
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20
ester C=0

CPET-Na

Sample 15, 90 °/90 °C

Absorbance

Sample 12, 70 °/70 °C

Sample 9, rt/90 °C

Sample 6, rt/70 °C

Sample 3, rt/rt

0.0

T T I T
1700 1600 1500 1400

-1
Wavenumber, cm

1800

Fig. 4 The infrared spectra of the composite powder with IC of 70% and
CPET-Na™.

stretching of the benzene ring, and the signal assignment is not
straightforward.

The full width at half maximum (FWHM) values of the ester
carbonyl stretching peak of the composites and CPET-Na" are
shown in Fig. 5. It is interesting to note that the FWHM values
of the composites were smaller than that of CPET-Na'. The
FWHM values decreased with increasing HAP content from
30% to 70%. The increase of FWHM reveals the increasing
diversity of the main chain conformations of CPET, where there
are many conformers with respect to the co-planarity of the
ester group and the benzene ring. Since the fraction of CPET on
the surface of the HAP crystals increased as the HAP content
increased, the observation suggests that the CPET on the HAP
crystal surface has a narrower ester peak than the bulk CPET.

100 _
e @ IC30%
s 80 @ IC 50%
s @ IC 70%
2
E 60 —
8
2 40
s
2
Z 20
™S
L T T T oy ] p———
r/rt n/70°C  r/90°C  70/70°C  90/90°C  CPET-Na

Fig. 5 FWHM of the ester carbonyl stretching at 1725 cm™* of samples
1-15 and CPET-Na®.
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Fig. 6 The P-O stretching region in the infrared spectra of samples
2,11, and 14.

The small FWHM values can be ascribed to a well-defined
conformation of CPET on the HAP crystal surface. The FWHM
values coprecipitated and aged at room temperature were large,
and heating above 70 °C resulted in smaller FWHM. Therefore,
annealing above 70 °C lead to a stable conformation of the
polymer to reduce the FWHM values.

Fig. 6 compares the P-O stretching peaks of the composites
with IC of 50%. The 1020 cm™ ' component is characteristic of
poorly crystalline apatites, and the 1030 cm ™' component is

Table 3 Bending strengths (ay,), strains at break (gp), elastic moduli (Ep; and
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100 -
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Fig. 7 Plot of the relative density of the compacts against the inorganic
weight fraction, IC.

characteristic of highly crystalline apatite.’>®® The absorbance

at 1015 nm ™ * decreased as the coprecipitation temperature was
increased from room temperature to 90 °C, indicating that the
crystallinity of HAP increased. These observations are fully
consistent with the XRD studies.

Densification of the composite powder

The composite powder was uniaxially pressed at 120 °C and
at 120 MPa for 5 min to obtain compacts with dimensions of
4 x 13 x 1.5-2 mm. The densities of the compacts, d,ps, were
determined from the weights and the volumes of the compacts
and are listed in Table 3. Fig. 7 illustrates the plot of the relative
density, dops/dealc, against IC. The calculated density, dae, was
obtained from the organic/inorganic weight ratios, the density
of CPET (1.24 g cm™?), and the density of HAP (3.10 g cm *).*?
The relative density decreased with increasing IC for all sam-
ples 1-15, showing that high inorganic contents decreased the
efficiency of the densification process. CPET is a thermoplastic
with a softening point of 80-85 °C. Heating at 120 °C during hot
pressing softened the polymer phase to help densification.
The photographs of the compacts are shown in Fig. 8. The
compacts with IC of 30% were relatively transparent, and
the compacts became less transparent with increasing IC in

Eyp), fracture energies (Gy), and densities (dops) of the composites?

Sample o1, (MPa) ep (%) Ep; (GPa) Eyp, (GPa) Ge (MJ m™) dobs (g cm ™)
1 24 +1 2.0 + 0.1 0.7 + 0.2 1.8 +£ 0.2 0.18 + 0.01 1.337 + 0.006
2 30+ 1 2.2+ 0.1 0.7 + 0.1 2.1+0.2 0.26 + 0.01 1.51 + 0.01
3 19 + 0.5 1.1+ 0.1 1.0 £ 0.2 23401 0.09 + 0.01 1.74 + 0.03
4 25 + 2 1.7 £ 0.1 1.03 + 0.03 1.9 + 0.1 0.19 + 0.02 1.365 + 0.004
5 31+1 2.2 +0.2 1.1+0.3 2.2 4+0.2 0.29 + 0.01 1.532 + 0.005
6 3542 1.7 £ 0.2 1.2 £ 0.1 3.840.7 0.22 + 0.04 1.71 + 0.03
7 28 + 4 1.7 £ 0.1 0.9 + 0.1 2.0 + 0.1 0.20 + 0.04 1.39 + 0.01
8 31+1 2.4+ 0.1 0.8 + 0.1 2.1+ 0.1 0.30 + 0.01 1.533 + 0.009
9 38+1 1.7 £ 0.1 1.2 £ 0.3 3.4 401 0.25 + 0.01 1.73 + 0.01
10 42 +2 2.3+0.2 1.1+ 0.1 2.5+ 0.1 0.41 + 0.06 1.406 + 0.004
11 34+2 1.8 + 0.1 1.2 £ 0.2 2.8+ 0.1 0.25 + 0.02 1.61 + 0.01
12 3942 1.5 + 0.1 1.9 + 0.2 3.6 0.2 0.25 + 0.02 1.81 + 0.02
13 32+1 1.7 £ 0.1 0.5 + 0.1 1.9 £ 0.1 0.33 + 0.02 1.077 £ 0.002
14 3242 1.8 £ 0.2 1.2 £0.2 2.55 + 0.01 0.24 + 0.03 1.59 + 0.01
15 42 +1 1.59 + 0.05 1.5 £ 0.1 42401 0.26 + 0.01 1.86 + 0.02

“ Averages of at least three independent determinations are shown with standard error of the means.
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Fig. 8 Photographs showing the transparency of the compacts of sam-
ples 1-15 with 1.6 mm thickness on a paper printed with “CPET-HAP".

the composites. With respect to the coprecipitation/aging tem-
peratures, sample 8 with IC 50 wt%, coprecipitated at room
temperature and aged at 90 °C, was transparent. This is in
contrast to the observations that the compacts of the compo-
sites of hydroxyapatite and starch or cellulose nanofibers were
opaque.** The refractive indices of HAP and PET are 1.641 and
1.57, respectively.®"®> The similar refractive indices of the filler
and the matrix may be one of the reasons for the transparency,
i.e., weak light scattering.

Mechanical properties of the composite compacts

A three-point bending test of the compacts was performed.
Representative stress—strain curves are shown in Fig. S3 (ESIT).
The curves showed that the initial slope was smaller than the
slope at break. The bending elastic moduli were thus calculated
both from the initial slope, Ey;, and the slope at break, E,.
Table 3 summarizes the bending strengths, the strains at break,
the elastic moduli, the fracture energies, and the densities of
the composite compacts.

60
rt/rt

/70 °C
/90 °C
70 °c/70 °C
90 °C/90 °C

30
20

10+ 4|17l 1o 13; 5 14 12115
0= —— T

IC30 IC50 IC70

50 —

oEpEBEnd

40

Bending strength, MPa

Fig. 9 The bending strengths of samples 1-15.
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Fig. 9 shows the bending strengths of the compacts: as the
coprecipitation/aging temperatures were increased, the bend-
ing strengths increased. This can be ascribed to the formation
of highly crystalline HAP interacting with well-orientated CPET
at higher temperatures. For the composites with the inorganic
weight fractions of 30% and 50%, the bending strength of the
compact coprecipitated at 70 °C was larger than that at 90 °C.
The composite of phosphorylated starch and HAP (IC 70%)
prepared in a similar fashion showed a strain at break of
2-3%." In comparison, the CPET-HAP composite (IC 70%)
showed smaller strains at break of 1.1-2.4%. The elastic
modulus of sample 12 (IC 72%) was 3.6 GPa, while that of
phosphorylated tapioca starch-HAP (IC 67%) was 2.7 GPa.**
These observations indicate that the CPET-HAP composite with
the inorganic weight fraction of ca. 70% was stiffer than the
corresponding starch-HAP composite.

Fig. 10 shows that the elastic moduli of the composites
linearly increased with increasing volume fraction of HAP. The
rule of mixture for elastic moduli,®® E,, = E¢V; + EpViy, iS
applicable for these composites. Er and E,, are the elastic
moduli of HAP and CPET, respectively, and V; and V,;, are the
volume fractions of HAP and CPET, respectively. The least-
squares analysis for the plots of samples 10-12 indicates that
the elastic modulus of HAP (Ef) was 5.4 GPa and that of CPET
(Em) was 1.9 GPa. Similarly, the elastic modulus of HAP (E¢) was
7.4 GPa and that of CPET (E,,) was 0.9 GPa for samples 13-15.

If the composite is used as synthetic implant materials,
matching of the elastic modulus of the composite with that
of bone (4.7-19.3 GPa)® is important.'® The elastic moduli of
the CPET-HAP composite compacts were 1.8-4.2 GPa, smaller
than those of bone. Bonfield et al. reported that the composite
of high-density polyethylene and HAP followed the rule of
mixture, and E; = 18.9 GPa and E, = 0.8 GPa.'® Trau and
coworkers® reported that the tensile elastic moduli of the
polyester-HAP composites ranged from 3.0 to 7.0 GPa, and
they increased linearly with increasing HAP weight% in the
composites. Both of these composites were prepared by mixing

samples 1-3, rt/rt
samples 4-6, rt/70 6
samples 7-9, rt/90 %c
samples 10-12, 70 °C/70 °C
samples 13-15, 90 °C/90 °C

Eyy GPa

Ad4drnmoe

T T T T T T
0.0 0.2 04 0.6 0.8 1.0
Vi

Fig. 10 Plot of the elastic moduli (Ey,) against the volume fraction (Vy) of
HAP for the compressed samples prepared from the composite powder
coprecipitated/aged at various temperatures. Least-squares line fit according
to the rule of mixtures are shown. Samples 10-12, coprecipitated and aged at
70 °C, gave Epp = 3.4Vs + 1.9, £ = 5.4 GPa, and E,, = 1.9 GPa. Samples 13-15,
coprecipitated and aged at 90 °C, gave Ep, = 6.6V + 0.9, Ef = 7.4 GPa, and
En = 0.9 GPa.
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Fig. 11 SEM images of the fracture surface of sample 14; (a) the compact
fragment after the three-point bending test when the compact was not
immersed in water, (b) the compact fragment after the three-point bend-
ing test when the compact had been immersed in water at room tem-
perature for 24 h prior to the bending test, and (c) the compact fragment
after the three-point bending test when the compact had been immersed
in water at 37 °C for 1 week prior to the bending test.

HAP and polyethylene or polyester. Their larger E¢ values than
that of the CPET-HAP composites indicate that the reinforce-
ment by HAP is very efficient, which can be ascribed to the
different protocols of hybridization of the compacts.

The compacts were fragile: the compacts broke in half in the
bending test. The fracture surface of sample 14 is shown in
Fig. 11(a). The surface is slightly rough, and the roughness
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Fig. 12 Weight increase Aw/w (%) of samples 1-15 after immersion in
water at room temperature for 24 h (a), and at 37 °C for 1 week (b). Error
bars (standard error of the means) are shown based on 3-5 independent
determinations.

increased for the fracture surface of the compacts immersed in
water (vide infra).

Water-resistance of the composite compacts

The compacts were immersed in distilled water either at room
temperature for 24 h or at 37 °C for 1 week. The compacts
retained their shape after immersion in water. Up to a 5%
weight increase was observed, as shown in Fig. 12. There is a
trend that Aw/w increased with increasing the inorganic frac-
tion in the composite. As shown in Fig. 7, the compacts with IC
70% had a large pore volume. One of the reasons of the larger
weight increase of the compacts with IC 70% is their larger pore
volume to absorb water. In contrast, the compacts of phos-
phorylated tapioca starch-HAP composites coprecipitated at
room temperature reported previously’* showed Aw/w of
210% (IC 30%), 132% (IC 50%) and 100% (IC 70%) after
immersion in water at room temperature for 24 h. The tapioca
starch-HAP compacts became too soft to perform a three-point
bending test. Therefore, HAP-CPET composites with the ethy-
lene terephthalate chain displayed much better water-
resistance than the HAP-starch composites.

The aqueous phase after immersion of the composite
compacts exhibited an absorption peak at 220-270 nm in the
UV-visible spectra owing to the terephthalate chromophore
(see Fig. S4, ESIT), and the absorbance at 240 nm was used to
estimate the concentration of the dissolved CPET in water. The
concentrations of CPET in the aqueous phase were very low
(Table S1, ESIt). Up to 8.4 mg L™ of CPET was dissolved in the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 The ratios of the mechanical properties of the samples soaked in water to those of the pristine samples. (a) and (e) Bending strength, (b) and
(f) elastic moduli, (c) and (g) strain at break, (d) and (h) fracture energies. (a)—(d) Samples were soaked in water at room temperature for 24 h. (e)—(h)
Samples were soaked in water at 37 °C for 1 week. Averages of 3—4 determinations.

aqueous phase. The solubilities of CPET-Na* and CPET-Ca** at
37 °C determined by UV-visible spectroscopy were 1.1 g L™ " and
4.0 mg L™, respectively. Therefore, the concentration of CPET
in the aqueous phase is much lower than the solubility of
CPET-Na'. In Fig. S5 (ESIT), the amounts of CPET dissolved in
water after immersion are shown as the ratios of the weight of
dissolved CPET in water to the weight of the CPET in the

© 2021 The Author(s). Published by the Royal Society of Chemistry

composite compact. Up to 0.27% CPET was dissolved in water
after immersion in water for 1 week. These observations
indicated that most of the CPET in the composites was bound
to HAP or Ca*>" and not soluble in water. The increase in CPET
in the aqueous phase with increasing IC can be attributed to
the larger water absorption of the composites with IC 70 wt%.
There was little difference in the dissolved amount of
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CPET among the composites coprecipitated under various
conditions.

Fig. 13 illustrates the mechanical properties of the compacts
immersed in water relative to those of the pristine compacts
(see also Tables S2 and S3, ESIf). Fig. 13 (a)-(d) shows the
results after immersion in water at room temperature for 24 h,
and Fig. 13 (e)-(h) shows those after immersion in water at
37 °C for 1 week. The compacts with the inorganic weight
fraction of 70%, samples 3, 6, 9, and 15, all collapsed quite
easily in the bending test. It is worth noting that sample 14,
which has an inorganic weight fraction of 50% and was
coprecipitated/aged at 90 °C, exhibited a larger bending
strength (120%), larger strain at break (160%), and larger
fracture energy (180%) after immersion in water at room tem-
perature for 24 h (Fig. 13a, ¢ and d). After immersion in water at
37 °C for 1 week, the strain at break and the fracture energy
were four times larger than those of the pristine sample
(Fig. 13g and h). The bending strength of sample 14 was 69%
of that of the pristine sample (Fig. 13e).

Fig. 14 compares the stress-strain curves of sample 14,
which has 50% IC and was coprecipitated and aged at 90 °C
before and after immersion in water. After immersion in water
at 37 °C for 1 week, the compact became softer, and the strain
at break was as large as 7-8%. After the three-point bending
test, the compact did not break in half. The fracture surface of
sample 14 after water immersion is shown in Fig. 11(b and c).
The fracture surface of sample 14 after immersion in water
seems to be rougher, and the observation suggests that the
matrix or the interface was softer by immersion in water. The
role of water molecules on the mechanical properties can be
attributed to the following two factors: (1) the polymer phase
absorbed water to be more flexible, and (2) the interface
between HAP and the polymer became a gel-like structure.

It should be noted that the effects of water on the mechan-
ical properties of the composites depended on the inorganic
weight fraction of the composites. The compacts with IC 50%
were water resistant, while those with IC 70% were not. For the
composites coprecipitated at 70 °C or 90 °C, the relative
bending strength, the strain at break, and the fracture energy
decreased in the order: IC 50% > IC 30% > IC 70%. Therefore,

40 —

—— Sample 14: IC 50% 90 °C/90 °C
—— After soaked at room temp. for 24 h

30 —— After soaked at 37 °C for 1 week

20 —

Stress (MPa)

T T T
0 2 4 6 8
Strain (%)
Fig. 14 Representative stress—strain curves of sample 14 (IC 50%, copreci-
pitation and aging at 90 °C). Pristine sample (black), sample soaked at room
temperature for 24 h (blue), and sample soaked at 37 °C for 1 week (red).
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there seems to be an optimum organic/inorganic ratio for water
resistance of the composites. For the samples with IC 70%,
there could be free HAP surface not covered by CPET, and the
HAP surface is so hydrophilic that the composites were easily
broken after immersion in water. For sample 14 with IC 50%,
we speculate that most of the HAP crystal surface was covered
with the carboxylate groups of CPET, and hydration of the HAP
surface was suppressed. There may be a critical value of IC, IC*,
depending on the hydrophilicity of the polymer, and the
composites are water-resistant for IC < IC*.

Molecular modeling studies indicated that if CPET is
adsorbed on HAP in a face-on fashion, there is one COOH
group per 3.3-5.2 nm”. Schmidt-Rohr et al. reported that the
density of citrate on the {100} surface of HAP of natural bone is
one citrate molecule per 4 nm>'® Therefore, the density of
carboxylate groups of CPET is close to the density of binding
sites of carboxylate groups on the {100} plane of HAP. Water-
resistance of the composites can be attributed to matching of
the density of the carboxylate groups of CPET and that of the
binding sites on the surface of HAP crystals.

Conclusions

A water-soluble polymer with the hydrophobic PET main chain
substituted with carboxylate groups was coprecipitated with cal-
cium and phosphate ions to obtain the polymer-hydroxyapatite
composite powder. The organic-inorganic weight ratios and the
crystallite sizes of the hydroxyapatite were easily controlled by the

coprecipitation conditions, such as the polymer/inorganic source
feed ratios and the reaction temperatures. Composite powders of
the polymer-hydroxyapatite in weight ratios of 30/70, 50/50, and
70/30 were prepared. The crystallite sizes of HAP in the compo-

sites grew as the coprecipitation temperature was increased, and

they were 26-36 nm when the coprecipitation was performed at
70 °C or 90 °C. The composite powder was compressed with hot
pressing at 120 MPa and at 120 °C. The compacts showed bending
strengths of ~42 MPa and elastic moduli of ~ 4.2 GPa. The elastic

moduli of the compacts increased linearly with increasing volume
fraction of HAP in the composites. The compressed compacts

prepared from the composites coprecipitated at 90 °C showed
water-resistance, and the composite with 50 wt% HAP showed
69% of the bending strength of the pristine composite after being
soaked in water at 37 °C for 1 week. The strain at break was four

times larger than that of the pristine composite. Therefore, the

toughness of the compact was increased by immersion in water
for 1 week. Given an appropriate organic to inorganic weight ratio,

hybridization of a polymer with both carboxylate groups and
hydrophobic moieties with HAP is expected to be a promising
strategy for the preparation of ecologically friendly materials.
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