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Abstract: Inspired by the process of bone formation in living organisms, many studies have been conducted to
develop organic-inorganic composite materials by generating calcium phosphate crystals within solutions or
dispersions of polymers with appropriate functional groups. Bones are composite materials consisting of
organic polymers (mainly Type I collagen), carbonated apatite, and water, with volume fractions 35-45%, 35-
45%, 15-25%, respectively. Carbonated apatite in bone contributes to rigidity, while organic polymers and
water contribute to toughness. The inorganic crystal, carbonated apatite, is a plate-shaped crystal with
dimensions of 50 nm x 25 nm x 1-4 nm, generating a significant organic-inorganic interface due to its nanoscale
size. This interface is believed to absorb externally applied forces to dissipate mechanical energy to thermal
energy. Creating such nanometer-scale structures using top-down approaches is challenging, making bottom-
up methods like co-precipitation of polymer and inorganic crystals more suitable. In this account, efforts to
develop eco-friendly mechanical materials using biomass such as cellulose and starch based on the bottom-up
approach to bone-like composites are described.

Keywords: Bioceramics; bone; composite; mechanical material; hydroxyapatite; polysaccharide;
eco-friendly; water-resistance

1. Introduction

Plastics are extensively used as structural and mechanical materials in numerous products due
to their excellent mechanical properties, lightweight nature, affordability, and good processability.
Before the invention of plastics, materials like wood and bamboo were commonly used, but plastics
have largely replaced them in many applications. However, there are several issues associated with
the continued use of plastics. Firstly, plastics rely on fossil resources such as petroleum, leading to
concerns about resource depletion and carbon dioxide emissions during incineration. Additionally,
many plastics lack biodegradability, contributing to problems like marine pollution caused by
microplastics, raising significant environmental concerns.® There is another concern on the use of
plastics as structural materials because plastics generates poisonous gas when it burns. Potential
alternatives to plastics include cellulose and biodegradable plastics. The mass production of parts of
industrial products using bone and wood is challenging, because their anisotropic mechanical
properties would make a molding process difficult.

On the other hand, aside from cellulose, materials such as bones, teeth, shells, horns, and
crustacean shells have been used by living organisms as structural materials. These materials are
composites of organic polymers and inorganic crystals.2 The inorganic crystals are calcium
phosphates or calcium carbonates, while the organic polymers are proteins and polysaccharides such
as collagen and chitin. These composites form through the growth of inorganic crystals on the surface
of organic polymers,’ resulting in relatively lightweight and mechanically robust properties. If these
materials can be industrially produced, they could serve as environmentally friendly alternatives to
plastics.*> We review here the structure and biosynthesis of bones, synthetic strategies of bioinspired
organic-inorganic composites, and synthesis and mechanical properties of hydroxyapatite-
polysaccharide composites.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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2. The structure of bone and related tissues

Bone consists of three major components, carbonated apatite (nonometer sized calcium
phosphate crystals), collagen-I fibers, and water in a volume ratio of approximately 56-60:30-40:10.
678 Carbonated apatite crystals have dimensions of 50 nm in length, 25 nm in width, and a thickness
ranging from 1 nm to 4 nm.? The small crystal size of carbonated apatite is advantageous in terms of
mechanical strength.’® Based on the crystal size we can calculate the interface area between
carbonated apatite and the organic phase being ca. 210 m?/g. The brick-and-mortar structure (Figure
1) formed by carbonated apatite crystals and collagen fibers contributed to toughness of bone Fror
Bookmark not defined. 11121314 One of the major properties of bone is stiffness, which can support and protect
a body from deformation. The elastic moduli of bone range from 2 to 33 GPa, and the bending
strengths range from 27 to 308 MPa.Error! Bookmark not defined. 15 Water plays an important role in the
mechanical properties of bone: water removal caused increased stiffness but decreased toughness of
bone.'® Therefore, water contributes to toughness of bone. To understand the mechanical function of
bone, it is necessary consider the interfaces and connections between bones and soft tissues. The
elastic moduli of the soft tissues are 0.5-1 MPa (cartilage), 50-150 MPa (enthesis), and 0.45 GPa
(tendon).”” The stiffness of the soft tissues varies depending on the degree of mineralization.

V/ Caqg(PO4)s(OH),

o polymer

Figure 1. Brick-and-mortar structure of bone and polymer-HAP composites prevents fragile
fracture.

2.1. Carbonated apatite and its interface

Hydroxyapatite (HAP) has a molecular formula of Caio(POs)s(OH)z. The crystals of HAP are
hexagonal with 2 9.417 A and ¢ 6.875 A.18 HAP is the most stable phase formed when calcium ions
and phosphate ions are reacted under alkaline conditions. It is well known that isomorphous
substitution occurs frequently: calcium ion is substituted by Sr, Ba, Mg, Mn, K, Na, Fe, and phosphate
ion by AsO4*, COs? and VO4*."9 Carbonated apatite (CAP) is formed by substitution of OH- or PO4*
of hydroxyapatite by carbonate ions, COs>. We refer to hydroxyapatite in which the OH group has
been replaced by carbonate ions as Type A carbonated apatite, and the PO+* replaced by carbonate
ions as Type B carbonated apatite.?? The most common crystal morphology is needle-like, and it
grows along the c-axis direction. It is known that citric acid is adsorbed on the side surfaces of needle-
shaped crystals of carbonated apatite of bone.?! There is ongoing debate regarding the presence of
organic materials on the surface of CAP, and NMR studies have revealed the binding of
polysaccharides to the surface.?? NMR studies also proved that the surface of mature bone mineral
particles is the hydrated amorphous calcium phosphate. The HPO4* ions are concentrated at the
surface of bone mineral particles in the amorphous surface layer whose thickness was estimated to
be about 0.8 nm for a 4-nm thick particle carbonated apatite.?

2.2. Biosynthesis of bone

Bone is formed by precipitation of amorphous calcium phosphate on collagen fibers, and its
subsequent crystallization. Acidic proteins containing many phosphate and/or carboxylate groups in
the side chain play an important role in biomineralization. Error! Bookmark not defined. Error! Bookmark not defined. 24,
These anionic groups can concentrate calcium ions, and reaction with phosphate ions to precipitate

amorphous calcium phosphate. Hierarchical structures of bone are described in several reviews.Eror
Bookmark not defined. Error! Bookmark not defined.,25,26,27
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2.3. Bioceramics and woods as mechanical materials

Bone and woods are lightweight, ductile, and biodegradable.?32? Although bone and woods are
superior materials, there is disadvantage of them if we use them as an industrial material. It is difficult
to form the desired shape due to their anisotropic properties, and they are not suitable for mass
production, that is, molding process is inefficient.

3. Composite materials related to bone

3.1. General features of organic-inorganic composites

Organic-inorganic composite materials can be broadly classified into two categories, ceramics-
reinforced plastics and polymer-reinforced ceramics. The former is achieved by enhancing the low
rigidity of the organic phase through the addition of the inorganic phase. Glass fiber-reinforced
plastics, clay-polyamide composites®* and automobile tire are commonly used in daily life. If plastics
is too soft to resist external stress, we can add inorganic fillers such as glass fibers to increase stiffness
of plastics. The major component of the composites of this category is an organic phase, and the minor
component is an inorganic phase. “Polymer-reinforced ceramics” is to improve the brittleness of
ceramics by incorporating organic polymers, as seen in laminated glass. For laminated glass, due to
a sandwiched structure of glass plate - polymer film - glass plate, it would not be broken into pieces
if a shock is given owing to the organic polymer film. The major component of this category is an
inorganic phase, and the minor component is an organic phase. Bone is polymer-reinforced ceramics,
and can be roughly described as nanometer sized laminated glass with a brick-and-mortar structure
(Figure 1).

Table 1. Classification of organic-inorganic composites.

Ceramic reinforced polymer Polymer reinforced ceramics
Major component Polymer (matrix) Ceramics (filler)
Minor component Ceramics (filler) Polymers (matrix)
Glass-fiber reinforced plastics Laminated glass
Examples Polyamide-clay composites Bones
Tire Teeth

3.2. Preparation of organic-inorganic composites

For the preparation of organic-inorganic composites, following three protocols have been
reported:

1.  Direct mixinig of polymer and inorganic crystals
2. Polymerization of monomer in the presence of inorganic crystal powder
3. Crystallization of inorganic phase in the presence of organic polymer

As the first protocol example, Bonfield and coworkers reported that a composite of polyethylene
and apatite was created by mixing both components.?! The elastic modulus of the composite is
linearly related to the volume fraction of apatite, and when the volume fraction was varied from 0 to
0.6, the elastic modulus ranged from 1 to 12 GPa. The second protocol was employed to prepare the
composite of poly(L-lactic acid-co-glycolic acid) and hydroxyapatite.?? Polyamide-clay composites
are prepared by ring-open polymerization of e-caprolactam in the presence of clay mineral,
montmorillonite, which has been ion-exchanged by ®-carboxyalkylammonium. Thus, the composite
is also prepared in the second protocol.Frort Bookmark not defined. The third protocol is biomimetic, bottom-
up approach, and suitable for preparation of nanometer-sized inorganic crystals which are bound to
the polymer phase. Stupp et al. reported that precipitation occurs when an aqueous solution of
polyglutamic acid was mixed with calcium hydroxide and phosphoric acid, and the resulting
precipitate is the composite of the polymer and apatite.?? Polyglutamic acid sodium salt, polylysine
hydrochloride, and polyacrylic acid 1 mM aqueous solution was mixed with calcium hydroxide and
phosphoric acid, and pH of the mixture was adjusted to 7.4 at 37 °C. The composites are called
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organoapatite, and X-ray diffraction showed that the composites contained poorly crystalline
hydroxyapatite. The ratio of Ca/P was close to 1.6, the theoretical value of hydroxyapatite in the
absence of polymer, while the ratio was 1.4 to 1.6 in the presence of the polymers, showing that
calcium-deficient hydroxyapatite formed.

Anionic functional groups like those found in proteins play a crucial role in the
biomineralization of biomaterials such as bone.33536373834041424344454647  Akkus and coworkers
crystallized HAP in the presence of charged peptides, and performed a systematic investigation on
the effects of charged peptides on the HAP morphology.*® They found that anionic peptides such as
poly-L-Asp and poly-L-Glu bind to HAP than cationic peptides such as poly-L-Lys and polu-L-Arg.
Negatively charged peptides lead to smaller crystals of HAP than positively charged ones. Research
involving the complexation of hydroxyapatite with various polymers and polymer gels has been
Carried out and reviewed‘Error! Bookmark not defined.49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,,66,67, ,68,69,70,71 Carbonated
apatite in bone is a hexagonal crystal, and citrate anions adsorb onto the a and b faces.Frror! Bookmark not
defined. Anjonic functional groups adsorb onto the a and b faces of hydroxyapatite, while cations adsorb
onto the ¢ face Frror! Bookmark not defined.”2 Thys, by adding calcium ions and phosphate ions to solutions of
polymers with anionic functional groups like carboxylate or phosphate ions under an alkaline
condition, the polymers adsorb onto the a and b faces of apatite through their anions, leading to the
growth of crystals along the c-axis. As a result, it might be possible to control the crystal size in the
nanometer range and achieve the composite formation of organic polymer chains and needle-like or
plate-like inorganic crystals bonded with each other with aligned orientations (Figure 1). Formation
of the brick-and-mortar structure is crucial for toughness of the composites.Eror! Bookmark not defined. Error!
Bookmark not defined. Error! Bookmark not defined. Error! Bookmark not defined. The polymers used here can include petroleum-
derived synthetic polymers, proteins, and polysaccharides, but using biomass-derived
polysaccharides synthesized from carbon dioxide through photosynthesis could address carbon
dioxide emission and environmental issues.

3.3. Composite of hydroxyapatite and polysaccharide

Use of polysaccharides as an organic component of the composite is an attractive strategy
because the biomass is carbon neutral and degraded biologically. There have been several studies on
the preparation of the composites of hydroxyapatite and polysaccharides.Error! Bookmark not defined. Error!
Bookmark not defined. 737475 Ya0 and coworkers crystallized HAP in the presence of polysaccharides and
found that the crystal size of HAP decreased in the order, amylose (-OH) > chitosan (-NHo, -
NHCOCHs3, -OH) > carrageenan (-OSOs, -OH) > pectin (-COO-, -OH).Eror! Bookmark not defined. The polar
functional groups of these polysaccharides are shown in the parenthesis. Therefore, polysaccharides
have an ability to regulate crystallization of HAP. It seems that -COO- group is the most effective in
suppressing crystal growth of HAP. We can avoid environmental issues such as microplastics
pollution of sea water by employing polysaccharide-based mechanical materials. Annual production
of cellulose is 1 x 10" ton, while that of starch is 4 x 107 ton, use of cellulose as an organic phase of the
composite seems attractive. Yu and coworkers reported a composite of cellulose nanofibers and TiO»-

coated mica. It showed a bending strength of 281 MPa and elastic modulus of 20 GPa.Error! Bookmark not
defined.

3.3.1. Creating Structural Materials with Environmentally Friendly Materials and Processes

By adding calcium ions and phosphate ions to a solution or dispersion of polysaccharides, it's
possible to simultaneously synthesize hydroxyapatite crystals and perform organic-inorganic
complexation. In this process, the characteristics of the composites change based on factors such as
the temperature during co-precipitation, the concentration of polymers and inorganic ions, and the
types of counter ions. The process can be carried out in water between room temperature and 90°C,
with optimal results often achieved around 50-70°C. Conducting complexation at lower temperatures
leads to slow crystal growth of hydroxyapatite and the formation of materials with characteristics
closer to amorphous, resulting in lower mechanical properties. On the other hand, complexation at
higher temperatures like 90°C tends to lead to the dissociation of bonds between organic polymers
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and inorganic crystal surfaces, leading to a decrease in mechanical properties.Error! Bookmark not defined.
Sodium or ammonium can be used as counter cations for phosphate ions, and the choice of counter
cations also affects complexation. For instance, the complex with the highest elasticity was obtained
when ammonium was used as the counter cation for carboxymethyl cellulose (CMC) complexation.
The obtained precipitate can be separated through methods like filtration, then after drying, molded
into shapes using uniaxial pressure molding. The molding conditions range from room temperature
to 120°C, and the pressure is approximately 120-300 MPa. The molded forms created in this manner,
upon conducting bending tests, exhibited flexural strengths of 50-110 MPa and flexural moduli of
around 5-10 GPa. In comparison to general plastics, the flexural strength was similar, while the
flexural modulus exceeded that of plastics (Table 2).Eror! Bookmark not defined.

Table 2. Comparison of mechanical properties of the polysaccharide-HAP composites with those of

plastics.
Bendlnl\%ﬂs;rength, Elastic modulus, GPa Density, g/cm? g;l:s)z:i’p;;;:
PTS-HAP, HAP 70 wt% 47 49 1.72 120
CMC-HAP, HAP 70 wt% 113 7.7 1.8 120
TCNF-HAP, HAP 62 wt% 80 11.6 1.94 300
Poly(methyl methacrylate) 118 34 1.19
Polyamide-6 118 2.8 1.14

3.3.2. Starch-hydroxyapatite composites

Starch is, among polysaccharides, a widely distributed biopolymer produced by many plants
consisting of a mixture of amylose, which is composed of glucose units polymerized in a linear
fashion, and amylopectin, which has a branched structure. Some naturally occurring starches have
hydroxy groups partially esterified with phosphate. Additionally, starches with phosphate
esterification, containing more phosphate groups, are synthesized and used for industrial purposes.
When starch is heated with water, it undergoes gelation (gelatinization) and disperses in water. We
gelatinized tapioca starch with and without phosphate esterification (containing 0.013% phosphorus
by weight) and conducted co-precipitation by adding calcium ions and phosphate ions. The resulting
white precipitate was molded into shapes using uniaxial pressure molding, and the mechanical
strength was evaluated through three-point bending tests.Error! Bookmark not defined. The bending strength,
elastic modulus, and strain at failure of the molded compacts of phosphorylated tapioca starch
(PTS)/regular tapioca starch (TS) and HAP are shown in Figure 2. It was found that phosphorylated
starch showed superior mechanical properties compared to regular starch. This was ascribed to the
contribution of the phosphate groups to crystal nucleation and binding at the organic-inorganic
interface.
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Figure 2. Comparison of bending strength, elastic modulus and strain at failure evaluated by three-
point bending test of tapioca starch (TS)-hydroxyapatite, phosphorylated tapioca starch (PTS)-
hydroxyapaite, and TEMPO-oxidized cellulose nanofibers (TCNF)-hydroxyapatite composites

Containing 70 Wt% Of hydroxyapatite.]irmr! Bookmark not defined. Error! Bookmark not defined..

Figure 3 shows the plot of elastic modulus of the PTS-HAP composite compacts against the
volume fraction of HAP in the composites. The elastic moduli linearly increased with increasing the
HAP volume fractions, indicating that HAP contributes stiffness of the composites. On the other
hand, non-phosphorylated starch-HAP composites did not show meaningful correlation between
elastic moduli and the volume fraction of HAP.
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Figure 3. Plot of elastic moduli of phosphorylated tapioca starch (PTS)-HAP composites and tapioca
starch (TS)-HAP composites against the volume fraction of HAP.
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3.3.3. Cellulose nanofibers-hydroxyapatite composites

TEMPO-oxidized cellulose nanofibers (TCNF) are obtained by oxidizing the C-6 carbon carrying
a primary hydroxyl group on the surface of nanofibers into a carboxyl group. The cross-section of
nanofibers consists of 6 x 6 glucose units, with every other glucose on the surface oxidized to
glucuronic acid (Figure 4).77 The width is around 3-4 nm, and the length is several micrometers.
Carboxylate groups on the surface of nanofibers can bind with calcium ions, and it is expected that if
hydroxyapatite crystal nucleation occurs, hydroxyapatite crystals will grow around TCNF fibers,
aligning the c-axis of hydroxyapatite parallel to form a brick-and-mortar structure. By dropping
phosphate ions and calcium ions into TCNF dispersion, we obtained co-precipitates and molded this
white powder into shapes using uniaxial pressure molding. The mechanical properties of the
compacts were evaluated by three-point bending tests. The compacts exhibited higher bending
strength and elastic moduli than those of the compacts of phosphorylated starch-hydroxyapatite
composites (Figure 2). It is noteworthy that the fracture surface was not flat, implying non-brittle
fracture (Figure 5). Fiber-like structures of lengths approximately 140 + 30 mm were observed. The
compacts of the TCNF-HAP composites bent and did not break into two pieces during bending tests.
This fracture surface is similar to that of the lamellar bone of a tibia of a rat.”

HO o)

Surface
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Figure 4. Schematic representation of TEMPO-oxidized cellulose nanofibers.Eror! Bookmark not defined..

NMUD10.3 x400 200 pm

NMUD35 x400

Figure 5. Fracture surface of the compact of the TCNF-HAP composite coprecipitated at 90 °C (left)
and that of the compact of the phosphorylated starch-HAP composite coprecipitated at 70 °C (right).
In the three point bending test of the TCNF-HAP compacts, the compacts only bent so the fracture
surface was produced by pulling the compact by bare hands.

The fracture mode of the compacts of the TCNF-HAP composites was found to depend on the
polymer aggregation state during coprecipitation. It was observed that the formation of a fiber
structure by polymers within the composite hinders crack propagation and suppresses brittle fracture
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under stress.” During bending tests, the molded specimens only bent and did not separate into two
parts. For instance, when creating a composite of hydroxyapatite with polymers like starch or
carboxymethyl cellulose, the resulting composite exhibited brittle fracture.8%8! Conversely, materials
composed of cellulose nano-fibers, which adopt a fibrous structure due to cellulose nanofibers
aggregation, did not exhibit brittle fracture when subjected to stress. Furthermore, it was discovered
that this fracture pattern varied depending on the concentration of TCNF during co-precipitation.
When coprecipitation was performed using a low concentration of TCNF, the formed material
exhibited brittle fracture and separated into two pieces. Under dilute conditions, homogeneous
nucleation of HAP is more likely to occur, making it less likely to form a brick-and-mortar structure.
Figure 6 schematically illustrates coprecipitation of TCNF-HAP composites at a low concentration
and an intermediate concentration of TCNF. At an intermediate concentration of TCNF,
heterogeneous nucleation of HAP is the major process, while at a low concentration of TCNF, both
homogeneous and heterogeneous nucleation could occur to prevent formation of the brick-and-
mortar structure.

Intermediate TCNF concentration /N L .
Q0 )
NI
Q )y (EoEeE )
(+) Q=0 )

Heterogeneous nucleation

Low TCNF concentration

Q ) =) a N

(+)

GAN
Heterogeneous @ QN ‘@%
nucleation

Homogeneous nucleation

Figure 6. Schematic representation of coprecipitation of TCNF and HAP. At an intermediate
concentration of TCNF, heterogeneous nucleation of HAP on TCNF is the major pathway to produce
an aligned composite. At a low concentration of TCNF both heterogeneous and homogeneous
nucleation occur to prevent formation of the fibrous structure.

Through this approach, the composites formed by polymers and nano-fibers with
hydroxyapatite demonstrated mechanical properties such as flexural strength and flexural modulus
that were comparable to plastics (Table 2). Particularly, the flexural modulus exceeded that of
plastics, indicating greater rigidity. However, these composites are not water resistant. When
immersed in water, the molded compacts easily disintegrated, resulting in a loss of structural material
functionality. To address this issue, we investigated how the partial acylation of hydroxyl groups in
polysaccharides would impact mechanical properties and water resistance.52%

3.4. Introduction of hydrophobic groups for water resistance enhancement

The surfaces of polysaccharides and hydroxyapatite are hydrophilic and readily hydrated. Thus,
when molded composites are immersed in water, they often undergo substantial swelling, resulting
in significant changes in mechanical properties. In bone's apatite, the carboxyl groups of citric acid
adsorb to calcium ions through ionic bonding on the a2 and b faces. Accordingly, the methylene groups
of citric acid face outward, contributing to the hydrophobicity of apatite crystals. Bone contains
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around 10% water, and when dried, it becomes more elastic but also more brittle, compromising
toughness.Error! Bookmark not defined. This jmplies that water content plays a significant role in bone's
mechanical properties, especially toughness. The synthesized composites of cellulose or starch and
hydroxyapatite demonstrated significant water absorption, leading to a near-complete loss of
mechanical strength. Therefore, the introduction of acyl groups to hydroxyl groups, which are
abundant in polysaccharides, was considered as a means to improve the water resistance of the
composites.

3.4.1. Acylation of phosphorylated starch-HAP composites

The composite of starch-hydroxyapatite was dispersed in polar solvents such as dimethyl
sulfoxide or N,N-dimethylformamide and heated at 60-120°C for 4-8 hours after adding vinyl
carboxylate such as vinyl acetate, vinyl hexanoylate, vinyl laurate and vinyl benzoate, and potassium
carbonate (Figure 7). The progress of acylation was confirmed from the infrared absorption spectra.
The absorbance at 1750 cm™ for aliphatic acyl groups and 1728 cm for an aromatic acyl group
increased, indicating that acylation of the hydroxy groups of the starch proceeded. The water
absorption rates were evaluated by immersing the molded compacts before and after acylation in
water for 24 hours at room temperature, as shown in Figure 8. The water absorption rate before
acylation was 136%, and acylation significantly reduced the water absorption rate. Particularly,
benzoyl and lauroyl groups were effective in reducing water absorption. Furthermore, when
comparing the flexural strength before and after water immersion (Figure 9), the acetylated compact
exhibited 17% of that of the dry compact, the benzoic ester showed 52% of that of the dry compact,
and the lauric ester demonstrated 66% of that of the dry compact. Except for the acetylated composite,
acylation significantly improved water resistance, especially for the lauric ester.

Furthermore, acylation of the starch-hydroxyapatite composite significantly influenced its
mechanical and thermal properties. The stress-strain curves of PTS-HAP composite and its acylated
ones are shown in Figure 10. The stress-strain curves clearly demonstrate that the composite
compacts were softer by acylation, particularly by the long acyl group. Comparison of Figures 10 and
11 shows that the composite compacts become even more flexible when soaked in water. The flexural
strength, the elastic modulus, and the strain at failure of the composite before acylation were 47.3
MPa, 4.9 GPa, and 1.8%, respectively. After benzoylation, they became 28.7 MPa, 2.7 GPa, and 1.7%,
and after lauroylation, they became 9.0 MPa, 0.2 GPa, and 5.8%. Particularly, lauroylation resulted in
decreased rigidity and increased flexibility. Additionally, the lauroylated composite demonstrated
fluidity at 120°C, indicating thermoplastic behavior. The density of the molded form of the
lauroylated composite was 1.2 g/cm?®, demonstrating a lightweight characteristic similar to plastics.

K,COj3, DMSO

R = -CHj; (acetyl)
-(CH,)4CH3 (hexanoyl)
-(CH2)10CH3 (Iauroyl)
-CgHs (benzoyl)

Figure 7. Acylation of the composites of starch and hydroxyapatite.
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Figure 8. Water absorption of the compacts of PTS-HAP composites containing 66 wt% HAP acylated
with acetyl (Ac), lauroyl (Lau) and benzoyl (Bz) groups.
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Figure 9. The ratios of bending strength and elastic modulus after water immersion to those before
water immersion of the acylated PTS-HAP composite compacts.

50
Starch-HAP
40 — Acetyl
Hexanoyl
o Lauroyl
o -
= 30 Benzoyl
17}
)
s 20
n
10 H
0 | | T T T
0 1 2 3 4 5 6
Strain, %

Figure 10. Stress-strain curves of the phosphorylated starch-HAP composite containing 50 wt% of the
inorganic phase and its acylated composites.
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Figure 11. Stress-strain curves of the acylated composites of phosphorylated starch-HAP after
immersion in water at 25 °C for 24 h.

3.4.2. Acylation of TCNF-HAP composites

As described above, the TCNF-HAP composites showed a unique fracture mode similar to
curdboard. The compacts also adsorbed much water when immersed in water, and its stiffness was
lost in water. Because TCNF has a lot of carboxylate groups, the composites are hydrophilic. If the
composites can be made hydrophobic with the non-brittle property unchanged, the composites can
be used in many applications. We acylated the TCNF-HAP composites containing 62 wt% HAP in a
similar fashion as that used for acylation of the starch-HAP composites. The obtained composites
were uniaxially pressed in a mold to prepare the compacts for bending test. Water absorption of the
acylated compacts, immersed in water at 25 °C for 24 h, are shown in Figure 12. The acetylated
composite adsorbed 88% water but hexanoylated one adsorbed only 11%. The water absorption
increased as the alkyl chain length increased further. The mechanical properties after immersed in
water are shown in Figure 13. The acetylated composite showed almost no stiffness after immersed
in water, while hexanoylated and oxtanoylated ones showed ca. 30 % of bending strength and ca. 20
% of elastic modulus of the pristine compacts.
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Figure 12. Water absorption of the compacts of TCNF-HAP composites containing 62 wt% HAP
acylated with acetyl (Ac), hexanoyl (Hex), octanoyl (Oct), lauroyl (Lau) and benzoyl (Bz) groups.
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Figure 13. The ratios of bending strength and elastic modulus after water immersion to those before
water immersion of the acylated TCNF-HAP composite compacts.

3.4.3. Comparison of water resistance of starch-HAP, cellulose-HAP, and poly(DL-lactide)-HAP

While both starch and cellulose are polysaccharides composed of repeating glucose units, their
mechanical properties differ when complexed with hydroxyapatite. Figure 5 displays fracture
surfaces from bending tests of molded compacts where TEMPO-oxidized cellulose nanofibers and
phosphorylated tapioca starch were complexed with hydroxyapatite at 70°C. In the case of starch,
cracks propagate linearly leading to brittle fracture, whereas for cellulose nanofibers, a fibrous
structure is observed. This indicates that the fibrous structure of cellulose nanofibers improves
brittleness. The composite of cellulose nanofibers and hydroxyapatite does not separate into two
fragments even during bending tests, which is why the fracture surface after manually tearing is
shown.

Ritchie and coworkers reported that the composite of poly(DL-lactide) and HAP exhibits the
bending strength of 23 MPa, while it decreased to 3 MPa when the compact was left at 37 °C for 30 h
in a humid environment. The ratio of the wet bending strength to the dry one is 13% for the
composite. Compared with the ratio, the ratio of lauroylated PTS-HAP was 66% and that of
octanoylated TCNF-HAP was 30%. The number of anionic groups decreases in the order, TCNF >
PTS > poly(DL-lactide). The comparison suggest that hydrophobicity of the polymer is not the
dominant factor determining water resistance of the composite, but there is optimum
hydrophilicity/hydrophobicity balance of the polymer to endow the composite with water resistance
(see Figure 14).
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swelling

hydrophilic and hydrophobic polymers.

4. Future Outlook

The co-precipitation complexation, where calcium ions and phosphate ions are added to
polymer solutions or dispersions, allowing the growth of calcium phosphate crystals using polymers
as scaffolds, is an excellent method to uniformly composite nanometer-sized crystals under mild
conditions via a simple process. In the case of hydroxyapatite, employing polymers with anionic
functional groups leads to efficient co-precipitation, where the attractive interaction between the
polymer and the surface of the HAP crystals are expected to result in good mechanical properties.
On the other hand, polymers with polar groups and hydroxyapatite tend to readily hydrate in water,
leading to swelling and significant changes in mechanical properties of the molded compacts in the
presence of water. To enhance the water resistance of the composites, a balance between polar and
nonpolar groups is essential, and acylation reactions of the hydroxy groups of polysaccharide proves
effective. Furthermore, the formation of fibrous structures through polymer aggregation can prevent
brittle fracture in the composites, leading to more reliable structural materials. In particular, the use
of polymers derived from cellulose makes it easier to induce such fibrous structures. Additionally,
since cellulose is a type of biomass, it holds promise as an environmentally friendly structural
material candidate in the future. In this account, we describe development of the polymer-
hydroxyapatite composites and their mechanical and water-resistant properties, focusing on a
coprecipitation process. Recent investigations indicate that mixing of inorganic crystals with a large
aspect ratio and homogeneous size, which are prepared in advance, with polymers lead to composites
with excellent stiffness and strength, comparable to those of bone and teeth.Eror! Bookmark not defined. 54,85
Therefore, synthesis of inorganic crystals with a large aspect ratio can be crucial for development of
bioinspired mechanical materials. Although coprecipitation is a simple process under ambient
conditions, it may be necessary to fine-tune the heterogeneous crystallization in the presence of
polymer.
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