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ABSTRACT: The role of organic blends of silk fibroin (SF) and rice starch (RS) in bone composites based on inorganic hydroxyapatite
(HA) is studied. The physical property of HA-based composites prepared by using the sol-gel method from Ca(OH), and H;PO, in
ethanol and water solvent (4 : 1 volume ratio) could be improved by adding SF and RS (1 : 2 weight ratio) to HA (7 : 3 weight
ratio). The Fourier transform infrared spectrometer spectrum shows that the SF and RS organic phases are blended homogeneously
into the HA crystal structure. Addition of SF increases the pore size and surface area of the composites, as measured by Brunauer—
Emmett—Teller method, but their pore volume is slightly decreased. The values of lattice parameters, crystallinity, and crystallite size,
as determined from the field-emission scanning electron microscope, transmission electron microscope, and X-ray diffractometer
results, increase after adding RS. The results are agreeable with the increase of their compressive strength and Young’s modulus. Thus,
the improved physical property of the prepared HA-SF/RS composites is better suited as bone-filling material than the standard HA
or HA-based composites with either SF or RS only. Therefore, due to its low cost, biocompatibility, and nontoxicity, this innovative
solution could be worth taken under consideration by the restorative dental and orthopedic implants industry. © 2015 Wiley Periodicals,
Inc. J. Appl. Polym. Sci. 2015, 132, 42722.
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INTRODUCTION another and same patient, respectively. However, there are risks
of infection and rejection of the implant. In addition, such
bone is simply not strong enough. Therefore, synthetic materials
are gradually becoming more popular and the use of synthetic
HA has become the norm in orthopedics and dentistry. The key
reason is its biocompatibility due to the chemical and biological
similarity to the mineral phase of human bones and teeth.'
Unfortunately, it is also too brittle to be used on its own for
large-scale applications. Thus, composites of HA with degrad-

able polymers are used, which resorb over time and allow bone
als have been a matter of quest in bone surgery for decades. o regrow and fill the space.

Normally, natural bone and teeth consist of two major compo-
nents: organic and inorganic (or mineral) phases. The inorganic
phase is a special form of calcium phosphate, Ca;o(PO,)s(OH),,

Nowadays, people are increasingly turning their attention to
health care. Aging people normally have calcium-loss problem
together with the decrease of collagen production and there is
less growth hormone produced. In the end, the bones become
brittle and susceptible to fracture. Sometimes, following an acci-
dent or removal of tumor, gaps in fractured bones need to be
filled if a section of bone is missing. Thus, there is considerable
demand for bone substitutes. And good bone replacing materi-

Until now, most of the prepared bone-replacing materials have
been concentrated on using biopolymers for improving the
mechanical properties of the HA-based composites. Some natu-
ral polymers used in bone reforming include collagen, chitosan,
and alginate. They became valuable candidates for biomedical
applications due to their good biocompatibility, noncytotoxicity,
There are several options for carrying out bone replacement.  minimal inflammation, design flexibility as well as bone healing
Two of them, allografts and autografts, involve using bone from  efficacy.” In addition to these biopolymers, silk fibroin (SF) is

commonly called hydroxyapatite (HA). Usually, it represents
about 70% of the bone’s weight. While the remaining 30% is
collagen, the organic phase, which supports crystal growth.

© 2015 Wiley Periodicals, Inc.
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another interesting biopolymer. It is derived from silk, a well-
known natural fiber produced by silkworm, such as Bombyx
mori. It has favorable mechanical properties, high oxygen per-
meability, and nontoxicity to tissue with its appreciable bioac-
tivity similar to human skin. So, it has been used in making
suture material, fabricating biosensors and nanofibers, and
repairing bones and cartilages.’

In the last decade, many HA/SF nanocomposites were success-
fully prepared by various methods.* For example, Chunling
et al’ fabricated composite films of Bombyx mori SF and HA.
Their films were smooth and transparent with uniform distribu-
tion of HA. The HA crystals had anisotropic growth with high
extent of lattice imperfection and preferential orientation along
c-axis that were probably promoted by the addition of SE. But,
regarding the bone requirements, the HA/SF composite may not
be suitable as bone-replacing material due to its insufficient
formability and flexibility.

Another promising natural material used in medical applica-
tions is rice starch (RS). RS is used to improve the mechanical
properties of HA by promoting tissue healing and active bone
formation.® Wheat starch is also used to combine with HA.” It
has been shown that this biopolymer, as a template agent, has
influence on the shape of HA. It led to the formation of rod-
like HA, which is similar to this inorganic component in natu-
ral bone. It is expected that properties of the prepared nano-
composites are similar to those of the natural bone. From this
result, the HA composites could be moderated in order to uti-
lize its specific properties such as biocompatibility and biode-
gradability. Recently, Park et al® made an approach on
preparing a ternary composite of SF/nano-HA with corn starch.
The capability of bone formation with this ternary composite
scaffold as a bone defect replacement matrix when grafted in a
calvarial bone defect of rabbits in vivo was evaluated. The rabbit
calvarial defect was not successfully repaired, possibly due to an
inflammatory reaction caused by silk powder.

In our previous work,” solvent composition for the preparation
of HA/SF composites using sol-gel method were optimized. It
was found that the optimal condition for preparing the compo-
sites was in an EtOH/H,O medium at a volume ratio of 4 : 1.
This condition was deducted from the data on their crystallin-
ity, particle size distribution (PSD), particle size, surface mor-
phology, and Ca/P ratio. However, the prepared composite had
some disadvantages due to high crystallinity, modulus, and
strength.

An enticing approach to improve our earlier composite’s
mechanical properties is to incorporate RS into the composite
because the RS molecule itself is large and able to form gel.
And, consequently, RS can improve mobility and flexibility of
the composites. In this study, the procedure from our previous
work” has been utilized again for preparing several HA-based
composites with blended SF and/or RS. Then, important physi-
cal and mechanical properties of these composites were eval-
uated to determine the suitability of the composite as a bone-
filling material. Some physical properties of the composites
were evaluated expecting that these composites should possess a
suitable average pore size, porosity, crystallinity, and mechanical
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Table I. Weight Ratio of the HA Compound and HA-Based Composites
Used for Each Sample Preparation

Sample Weight ratio of HA: SF: RS
HA 10:0:0

HA/SF 7:3:0

HA/RS VEIOHS

HA/SF-RS1 7:1:2

HA/SF-RS2 7:1.5:15

HA/SF-RS3 7:2:1

properties that meet the requirement to be used as bone-filling
materials.

EXPERIMENTAL

Materials

SF was extracted from B. mori silk wastes (Nangnoi Srisaket 1),
purchased from Queen Sirikit Sericulture Center, Chiang Mai
province, Thailand. SF powder derived from silk waste was pre-
pared as described by Moonsri et al.'® RS (Era-Tab, 99%) was
purchased from Erawan Pharmaceutical Research and Labora-
tory Co., Ltd, Thailand. Calcium hydroxide (Ca(OH),), ortho-
phosphoric acid (H;PO,, 85%), ammonium hydroxide
(NH,OH), absolute ethanol (C,HsOH), and hydrochloric acid
(HCl, 37%) were purchased from Merck, Germany. Potassium
chloride (KCl, 99.5%) was purchased from Ajax Finechem, Aus-
tralia. All other chemicals used in this study were of analytical
grade. Deionized distilled water was used throughout the
experiments.

Preparation of HA Compound and HA-Based Composites

A sol-gel method was used for preparing HA compound as well
as the HA-based composites with SF and RS. The compositions of
the HA and organic phases (SF and/or RS) were fixed at 70 : 30
weight ratio of HA: organic phase.

SF powder derived from silk waste was prepared as described by
Moonsri et al.'® The HA-based composites were prepared, as
described by Sriudom et al,” in a binary medium of EtOH/
H,0 at 4 : 1 volume ratio. The pH of the mixed solution was
adjusted to 9 by adding NH,OH and stirred for 2 h to get the
precipitate formed. The precipitate was aged at room tempera-
ture for 2 h, filtered and washed repeatedly using warm deion-
ized distilled water. Then it was dried at 60°C for 24 h in an
oven and, finally, pulverized. The resulting fine powder was
stored in a desiccator. The composition of the prepared compo-
sites is shown in Table L.

Respective binary and ternary composites were prepared by
mixing the HA solution with SF and/or RS at the following
weight ratios (HA: SF:RS):7:3:0,7:0:3,7:1:2,7:2:1,
and 7 : 1.5 : 1.5. The resulting HA-based composites were
assigned as HA/SE, HA/RS, HA/SF-RS1, HA/SF-RS2, and HA/SF-
RS3, respectively.

Preparation of Putty HA-Based Composites
Preparation of the putty composite was done by dropping 1 mL
of 20% w/v aqueous citric acid solution into 1 g of HA-based
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powder, then mixing by hand until homogeneous putty formed
and, finally, molding it into a cylindrical shape (5.0 mm in
diameter and 10.0 mm in length). Other putty HA-based com-
posites were prepared in a similar fashion using different kinds
of HA-based powder. Some physical properties of the putty
composites were investigated.

CHARACTERIZATION OF THE HA COMPOUND AND
HA-BASED COMPOSITES

Structure Conformation

Preliminary study and functional group analysis of the HA-
based composites were done spectrometrically with a Fourier
transform infrared spectrometer (FTIR) (Perkin Elmer, 1760) in
the range of 4000-400 cm ™.

Crystallinity

Crystallinity of the HA-based composites was characterized
using a X-ray diffractometer (XRD) (Rigaku, Miniflex II) with a
monochromatic radiation of CuKa (4 =1.54 A) over the 20
range of 2(60°) at a scan rate of 6°/min. Identification of the
crystalline phases was done by comparing the spectra with the
stand powder diffraction card of Joint Committee on Powder
Diffraction Standards (JCPDS) files to estimate the crystallite
size in a perpendicular direction based on the Scherrer’s
formula as follows:""

D=0.894/fcost (1)

where D is the mean value of the crystallites size, 4 is the X-ray
emission wavelength, f is full width at half maximum for the
diffraction peak of (002) under consideration (rad), and 0 is
the diffraction angle (°).

Crystal Phase

Ultrafine structures of the HA-based composites were examined
by a transmission electron microscope (TEM) (JEOL, JEM
2010) at 200 kV. Upon preparing the samples for TEM analysis,
the powder was ultrasonically dispersed in ethanol prior to
being drop-casted onto a holey carbon supported film. The
TEM spectrum was determined with a software using virtual
standards for the Ca and P Ko X-ray peaks.

Particle Size Distribution

Particle size distribution (PSD) of all HA-based composites was
measured using a particle size analyzer (Autosizer Lo-C; Mal-
vern Instruments) to obtain a mean particle size of the seed
particles. The composites had been dispersed in ethanol before
PSD was determined. The shape of the distribution curve was
of prime interest.

Particle Morphology

Morphology of the HA-based composites was determined using
a field-emission scanning electron microscope (FE-SEM) (JEOL,
JSM 6300 F). For SEM, the composites were spread on metal
stubs and coated with gold before examination.

Density and Porosity Measurement

Bulk density of the putty composites was easily determined from
the weights of the cylindrical samples. The pore volume was
determined by immersing a dried cylindrical sample into a small
beaker containing 50 mL deionized distilled water for 2 h until
there was no air bubbling out of the sample to ensure water
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saturation of the cylindrical samples. Then, the cylindrical sample
was removed from the beaker and reweighed. The porosity of the
open pores was calculated using Archimedes’ method.

Compressive Strength and Young’s Modulus

Each of the putty HA-based composites was molded into a
cylindrical shape. The compressive strength of the cylindrical
samples was measured using a universal testing machine
(Shimadzu, Autograph DSS-5000) at a crosshead speed of
0.5 mm/min. Young’s modulus (E) was calculated from the
recorded load-deflection curves.

Surface Area

Pore volumes of the HA-based composites were determined
using a pore size analyzer (Beckman Coulter, SA 3100), while
surface area was measured by the Brunauer—Emmett—Teller
(BET) method based on N, adsorption technique.

RESULTS AND DISCUSSION

The role SF and RS played on the properties of different HA
composites was studied through FT-IR spectra, mechanical
properties, and composite morphology. The results are as
follows:

Structural Characterization of the HA Compound and
HA-Based Composites

From Figure 1, the spectra of HA and all composites are revealed
in order to identify their major characteristic peaks and also
show the evidence of any interaction that may occur among the
compositions in the composites. So the HA compound exhibits
intense IR bands at 565 and 604 cm™' and at 1040-967 cm ™'
representing the PO~ group [Figure 1(a)]."> This group nor-
mally exists in the crystalline state of the HA. Absorbed water
band is relatively broad at 35003000 cm™ ', and a weaker peak
appears at 645 cm” ', The band at 3620 cm™ ' is assigned to the
stretching mode of the OH group. Moreover, the CO3~ group
(from dissolved CO,) forms a weak peak at 870 cm~ ! with more

intense peaks at 1415 and 1530 cm ™.

The prominent bands of SF in this work [Figure 1(b)] that
occur at 1630 cm™ ' (amide I, C=0 stretching), 1535 cm” !
(amide II, N-H bending), and 1239 cm~ ! (amide III, C-H
stretching) show the existence of such amide groups in the
B-sheet conformation of SE'> While the RS shows a broad
absorption band at 3268 cm ™' [Figure 1(c)] corresponding to
stretching frequency of the —-OH group, and a band at
2920 cm™ ' attributed to C—H stretching vibration.'* The strong
absorption band at 1648 cm ™' confirms the presence of water
molecule. The bands around 1413 and 1337 cm™ ' are assigned
to —CH, bending in plane and C-OH bending vibration,
respectively. The band at 1149 cm ™' is due to C-O—C antisym-
metric bridge stretching.'®

Absorption bands in Figure 1(d) show a combination of charac-
teristic bands of both HA and SF in the HA/SF composite. Like-
wise, Figure 1(e) also shows the combined characteristic bands
of HA and RS when RS was added into the HA composite.
Therefore, the prominent peaks of both components in each of
the HA/SF and HA/RS composites appear to be at about the
same position as in the respective individual spectrums of SF
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Figure 1. FTIR spectra of the (a) HA compound, (b) SE (c) RS powders, (d) HA/SE (e) HA/RS, and (f) HA/SF-RS composites. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

and RS. Thus, it could be concluded that HA and organic phase
physically blended without any significant chemical interaction
between characteristic groups of each component.

Finally, when HA, SE and RS are combined together in the ter-
nary composite, each component still retains its typical peaks
with only slight shifts [Figure 1(f)] as a result of dissociation
and interaction of SF and RS with the nucleating crystals.'®
Moreover, some band overlapping of the RS and SF may cause
the bands of amide II and amide III of SF to disappear. Also, as
stated in some reports,'” there are some chemical interactions
between the inorganic and organic phases in the composite.
Most likely between Ca>* and those negatively charged func-
tional groups in the organic matrix such as COO~, amide I,
and amide II. So for the absorption bands of HA/SF-RS com-
posites, it happens that the overlapping of the OH" group of RS
and the -COOH group of SF turn out to be a board peak
appearing in the range of 1750-1100 cm™'. Thus, the presence
of SF and RS molecules in the HA/SF-RS composites leads to
the decrease of band intensities at 1647, 1538, 1242, and
1458 cm ™' as a result of intermolecular hydrogen bond forma-
tion between SF and RS molecules.

Crystallinity and Crystalline Size of the HA Compound and
HA-Based Composites

From the XRD patterns in Figure 2, each pattern shows that
HA is the only important phase because the other components
do not contribute any peak to the XRD pattern. The well-
resolved characteristic peak with the highest intensity of HA
was obtained at 20 value of 31.77° corresponding to the 211
plane. The phase formed was pure and matched well with the
standard pattern. The standard corresponding planes of HA
(200, 102, 201, 211, 112, 300, 202, 130, 222, 132, 321, and 004)
are observed for both, the HA compound and HA-based com-
posites. The HA/SF and HA/RS binary composites do exhibit
similar XRD patterns. This indicates that the addition of SF and
RS into the HA moiety leads to low crystallinity and that SF
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and RS have no effect on changing the crystallographic struc-
ture of HA.

While diffraction peaks of the (211), (202), and (300) planes
can be differentiated as three individual sharp peaks for the
pure HA, only a broader peak appears in the ternary composite
of HA/SF-RS. The broad peak normally implies that the size
and crystallinity of the composites are small and low. However,
the intensities of the peaks of HA/SF-RS composite tend to
decrease and the peaks become broader with the increase of RS
content. It can be suggested that increasing the amounts of RS
causes the RS molecules to be inserted in the space of the HA/
SF crystal structure, then push apart the stack of the particle,
resulting in disorder of the peaks. Noting that in all diffraction
patterns, the signals are defined and assigned only to the crys-
talline HA because no secondary phase can be detected, even in
the samples containing relatively large amount of SF and RS.
The values of crystallite size, crystallinity and lattice parameters
of the HA compound, HA/SE, HA/RS, and HA/SF-RS compo-
sites are shown in Table II using Bragg’s law and Scherer’s
equation.

S T, S

HASF-RS1
..NMM HASFRS2
B mthiei i WMM HA/SF-RS3

) "
sk tatoa A o) Pttt M oo FARS
HA/SF

HA

20
Figure 2. XRD patterns of the HA compound and HA-based composites.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]
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Table II. Crystallite Size, Crystallinity, and Lattice Parameters of the HA Compound and HA-Based Composites

Lattice parameters

Sample Crystallite size, X (nm) Crystallinity, X. (%) ao Co

HA 28.19 +2.06 93.35+1.75 9.4071 6.8982
HA/SF 31.84+212 92.69+2.32 9.3989 6.8801
HA/RS 82.93+2.53 93.13+2.54 9.4422 6.9211
HA/SF-RS1 64.62 +3.45 65.93+2.49 9.4255 6.9014
HA/SF-RS2 62.27 +2.96 82.01+3.70 9.4133 6.8956
HA/SF-RS3 51.00x2.72 88.10+5.28 9.4088 6.8352

By determining the changes in lattice parameters of the HA
composites and the shape of the crystallites, it was found that
the composites consisted of hexagonal unit cells.'® However, the
FTIR result showed that the SF and RS did not induce confor-
mational transformation of the HA crystal structure. This result
also indicates the rearrangement of SF and RS molecules in the
HA composite as it still retains its hexagonal structure due to
the insertion of the organic molecules into the crystal structure.
The calculated values of lattice parameters were found to be
close to the standard HA with a=b=9.4180 A and c= 6.8840
A. However, the lattice parameters have some changes with the
change of RS content by increasing both a, and ¢,. These are
attributed to the crystal growth that causes the lattice strain by
larger RS molecules. The RS molecules play a role by replacing
the position of the smaller Ca atoms in the HA lattice, thus
causing high compressive strength of the lattice. While SF can
physically interact with HA in random, so the inclusion of the
SF and RS makes the HA/SF-RS crystal formation incomplete.
However, the HA formed as a ternary composite in this report
is still in the desired Ca/P molar ratio value that conformed
with the natural HA.

Crystal Phase of the HA Compound and HA-Based
Composites

Since TEM allows a qualitative understanding of the internal
structure of HA-based composites, it was used to analyze the
crystal phase of the composite in order to see how the compo-
nents were blended. Figure 3 shows the TEM images of the HA-
based composites, the alignment of well-developed HA crystalli-
tes are illustrated and the interplanar spacing values were calcu-
lated from Bragg’s diffraction equation. The calculated results
indicate the fringe spacing is agreeable with the separation lat-
tice planes of hexagonal phase. The crystal lattices were calcu-
lated from d-spacing using a selected area electron diffraction
(SAED) pattern with a camera constant of 100 cm. The crystal
planes of HA-based composites were obtained from the d-
spacing values and compared against the JCPDS standards of
HA. The electron diffraction in Figure 3(a) of the HA com-
pound shows strongly focused spots which indicates strongly
preferred (211) and (002) orientation of the HA crystals. The
small particles cause the widening of many diffraction spots
which can be noticed that their composite particles are mostly
polycrystalline. From Figure 3(b,c), the (212) plane appears
when either SF or RS is present in the HA binary composites,
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all nanoparticles showed uniform lattice fringes, meaning that
no amorphous product was formed. This behavior can be
attributed to the nucleation, growth, and aggregation of small
particles with disordered surface in the plane by the SF and RS
molecules.'”

From the TEM images of the HA/SF-RS composites in Figures
3(d—f) with various composition ratios of SF and RS, the pres-
ence of composite crystallite size as nanoparticles can be con-
firmed. Those rings are indexed to be corresponding to (111),
(212), and (003) planes of HA which have a hexagonal close
packed (hcp) structure (JCPDS file no. 9-423). Thus, the HA
particles were analyzed by TEM in detail, and all nanoparticles
showed uniform lattice fringes, meaning that no amorphous
product was formed.

Particle Size Distribution of the HA Compound and
HA-Based Composites

In Figure 4, the HA compound shows a wider range of PSD
compared to the HA/SF and HA/RS composites at the same
weight ratio of 7 : 3. In the presence of SF, its molecule can be
hydrolyzed resulting in a smaller molecular size than the RS
molecule. Thus, the SF molecules can be easily included in the
HA crystal formation. Therefore, when RS, a larger molecule, is
added into the binary mixture, physical interactions through
attraction by the functional groups of these components would
cause agglomeration and precipitation of the composite. Once
the HA is mixed with the SF and RS molecules which contain —
NH, and COO~ groups, these groups will interact with Ca**
and PO~ through the sol-gel process.

By considering the PSD of the ternary composites (HA/SF-RS),
particle size range of the HA/SF-RS composites is shorter than
that of the HA compound. After the RS molecules are added
into the HA/SF mixed solution, the COO ™ group of the RS can
be bound to Ca®" and some amino groups of the SE, then the
RS molecules are included into the HA crystal formation. Two
ranges of PSD were found in all HA/SF-RS composites because
of the effect of having SF and RS molecules in the ternary com-
posites. The observed results may be explained by the fact that
the RS molecule itself is large which allows easier agglomeration
with Ca®" to form the crystal structure. When the HA and SF
molecules physically interact with each other, it is difficult for
RS molecule which has a larger size to agglomerate thus causing
the binary composite of HA/SF to have an appropriately small
size range.
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Figure 3. TEM images and its SAED pattern of the (a) HA compound, (b) HA/SF composites, (c) HA/RS composites, (d) HA/SF-RS1, (e) HA/SF-RS2,
and (f) HA/SF-RS3 composites. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Particle Morphology of the HA Compound and HA-Based
Composites

SEM images of the HA-based composites prepared using vari-
ous compositions are seen through Figure 5. Particle size of the
HA/RS (100-120 nm) is clearly larger than those of the HA/SF
(74-85 nm) and HA (80-90 nm). However, micrographic
results of the ternary HA-based composites show that its parti-
cle size is smaller than those of the binary HA-based composites
and HA compound. The particle sizes of the ternary HA-based

35 —e—HA
- —&— HA/SF; 7:3
—v—HA/RS;7:3
30 1 —e— HA/SF-RS1;7:1:2
—o— HA/SF-RS2; 7:1.5:1.5
25 Y —m— HA/SF-RS3:7:2:1
;\3
b
Q
sl
£
z
Z
=
=

T T
600 800 1000

T T T T
0 200 400 1200 1400
Particle diameter (nm)
Figure 4. Particle size distribution of the HA compound, HA/SE, HA/RS,
HA/SF-RS1, HA/SF-RS2, and HA/SF-RS3 composites. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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composites are 20-35 nm for HA/SF-RS3, 35-50 nm for HA/
SE-RS2, and 60-80 nm for HA/SF-RS1.

The particle shape and chemical composition of the composite
after the addition of an organic phase are thus expected to pose
some effects on the mechanical properties of the composites. As
being indicated that the biologic HA crystals are hexagonal with
rice-grain-liked shape,'® upon observing the shape of composite
particle in our experiment, it can be seen that, at low content
of RS, less particles with rice-grain-liked shape are formed.
From this result, the nucleation and growth of the rice-grain-
shaped crystal could be explained by the involvement of the
crystals with different shapes at different concentrations of OH"
in the solution. This kind of involvement determined the
growth rate and morphology of the crystals. The effect of OH"
content in the solution on the formation of the composite par-
ticles was also mentioned® in the way that Ca®" could react
with OH ™ as well as PO}~ in the same direction along the axes
which results in inducing the growth of crystal to be a rice-
grain shaped. Since the amount of OH™ in the solution is
affected by the presence of SF that its acidic functional group
can react with the OH ™, so higher amount of RS (less amount
of SF) would result in higher amount of OH' left, thus produc-
ing more rice-grain-liked particles.

Compressive Strength and Young’s Modulus of the Putty
HA-Based Composites

The compressive strength and Young’s modulus of the putty
HA-based composites can be calculated from their forces and
areas, and they are summarized in Table III.

The result indicates that the HA compound has the lowest com-
pressive strength (0.38 MPa), which means that it is very brittle
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Table III. Compressive Strength and Young’s Modulus of the Putty HA-
Based Composites

Compressive Young's modulus

Sample strength (MPa) (GPa)

HA 0.38 10.14
HA/SF 0.67 15.52
HA/RS iL.53 13.23
HA/SF-RS1 7.24 2514
HA/SF-RS2 359 20.21
HA/SF-RS3 2.79 20.14

material. For the putty binary composites with the addition of
organic phase, the HA/SF and HA/RS show higher values of the
compressive strength. The organic phase causes the increase of
the compressive strength and Young’s modulus due to the fact
that partial section of the composites suffered tension when
HA/organic composites were mixed. For the ternary HA-based
composites, the average values of compressive strength and
Young’s modulus drastically decrease with the increase of RS
content. From the results, during composite preparation, the RS

molecules induce absorption of excess water into the starch
granule, thus make it swell during gelatinization. Back bone
chains of amylose and amylopectin or their glucosidic linkages
are postulated to lead to breakage of granular form causing
reduction of the mechanical properties of the composites.'

Density and Porosity of the Putty-Liked HA-Based
Composites

The porosity and density of the HA and its composites with SF
and RS are shown in Table IV. From Table IV, for the putty
binary composites, their porosity increases slightly compared to
that of the HA compound when SF and RS are added. In the
case of the putty ternary composites, HA/SF-RS, when more RS
is added into the HA solution, more particles with rice grain
shape is formed. As each particle agglomerates to form crystal,
its rice-grain-shaped particle would become entangle due to the
steric effect. This will result in a loose HA crystal formation
causing it to be low in density but high in porosity as appeared
in the Table IV when more RS is present. However, as the glob-
ular shaped crystal would form when more SF is present, at cer-
tain combinations of RS and SF contents, the globular shaped
crystal could enter into the pore of the entangled rice-grain-

Table IV. Porosity, Density, Surface Area, Pore Volume, Surface/Volume, and Pore Size of the HA Compound, and Putty HA-Based Composites

Applied Polymer -

Surface Pore volume Surface/volume
Samples Porosity (%) Density (g/cm)® volume (mm®/g) (mm?3/g) (mm?2/mm3) Pore size (nm)
HA 14.65+0.56 1.825+0.019 68.28 38.32 1.782 128.5
HA/SF 17.82+0.84 1.641 +0.021 95.75 35.46 2.690 179.8
HA/RS 23.88+0.10 1.695 +0.005 87.87 33.98 2.568 168.4
HA/SF-RS1 71.63+0.72 1.185+0.014 89.83 40.56 2.069 131.3
HA/SF-RS2 60.68+1.25 1.341 +0.003 83.95 39.83 2.555 165.6
HA/SF-RS3 51.11+0.77 1.476 +0.007 83.51 34.92 2.391 263.5
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Table V. Summary of Bone-Filling Material Requirement

HA-based composites
Requirement Std. HAZ2:23 HA HA/SF-RS1 Reference
Particle size (nm) 50-100 50-100 50-100 50-80%4
Crystal system Hexagonall Hexagonal Hexagonal Hexagonal?®
Ca/P ratio 1.67 1.60 1.62 1.712°
Space group Pga/m Pgsa/m Psa/m Pea/m2®
% Porosity 75-85 14.65 71.63 82.30%*
Pore size (nm) 100-500 218.5 131.3 20324
Compressive strength (MPa) 5-60 0.38 7.24 5-302°
Young's modulus (GPa) 14-20 10.14 25.14 11-17%7
Density (g/cm?) 0.35-1.35 1.83 119 0.63-1.1°8

shaped particle. Thus it will cause the porosity to be reduced,
while the density of the crystal is enhanced.

Surface Area of the Putty HA-Based Composites

Specific surface area and particle size of the putty HA-based
composites and the size of the powder particles were deter-
mined by BET theory. The BET surface area and total pore vol-
ume of the HA-based composites are summarized in Table IV.

Regulation of the pore structure (pore volume, pore size, and
surface area) of the putty composite was demonstrated through
controlling the contents of SF and RS in the HA solution. Mod-
erately mixing of the SF and RS in the HA solution increases
the surface area and pore volume, whereas the addition of more
SF and RS do not significantly affect the pore volume of the
putty composites. Moreover, significant addition of SF and RS
to the HA solution reduces the average pore size and contrib-
utes to the formation of nanoporous structure. Generally, the
pore volume of the binary composites are larger than that of
the HA compound. It is notable that the maximum pore vol-
ume is observed for the composite of HA/SF-RS1 with a value
of 40.56 mm’/g. In addition, the HA/SF-RS2 and HA/SF-RS3
composites exhibit loose assembly of aggregated sphere-liked
particles to form rice-grain-liked particles of which the surface
area and pore volume are about 83.95 m’/g, 83.51 m*/g and
39.83 mm’/g, 34.92 mm’/g, respectively. The pore sizes of the
putty composites, prepared using different composition ranges
of HA, SE and RS, are between 128.5 and 263.5 nm which indi-
cate that the material is dominated by porous structure. Com-
paring the pore sizes of the binary and ternary composites with
the HA compound, the pore sizes of both binary and ternary
composites are larger than the HA compound. The more SF is
added, the larger the pore size is formed, in contrast with a
slightly decrease of the pore volume.

According to property requirements of the materials utilizing
for bone filling, the obtained HA compound and the putty HA-
based composites appear to be fine powder, with nanoscale size.
The SF content in the composites decreases the pore volume
but their porosity increases. Moreover, as RS played important
role in improving the surface area, compressive strength, and
Young’s modulus of binary and tertiary HA-based composites,
thus the putty composites can be applied for using as
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bone-filling materials. The main mechanical requirements of
bone-filling material are shown in Table V.

As the values of the physical property’s parameters of the natu-
ral bone and the prepared composites are compared, it is evi-
dently seen that the properties of the prepared composites are
similar to the natural bone. Therefore, this ternary HA/SF-RS
composite can possibly be used as a bone replacement material.
The usage of SF and RS organic phase from waste source mate-
rials and sol-gel method to produce HA-based composites has
been proven to bring out the benefits from natural materials. In
addition, this composite could be prepared without the addition
of cross-linking agent, and low cost with uncomplicated
technique.

CONCLUSIONS

The HA-based nanocomposites were successfully prepared using
sol-gel method. The binary and ternary HA-based composites
were obtained by the addition of SF and RS. The study on con-
formation of the HA-based composites showed that the SF and
RS organic phase could be included homogenously in the crys-
tal structure of HA composites. The prepared binary composite
of HA/SF had a smaller crystallite size and less porosity than
the HA/RS composite, but the addition of RS caused the
increase in the compressive strength.

Upon preparing the ternary HA/SF-RS composites by adding
10% wt SF and 20% wt RS solution, the volume of each solu-
tion added were adjusted to study the effects on the composite’s
nanostructure. It was found that the addition of SF posed some
effects as the SF content decreased, the number of pore and the
porosity increased. On contrary, as the RS content increased,
the lattice parameters, crystallinity, and crystallite size of the
composites also increased which was agreeable with the increase
of compressive strength and Young’s modulus. The HA/SF-RS1
composites showed higher compressive strength (7.24 MPa)
than the pure HA compound and modulus increased linearly
with increase of RS content. The HA/SF-RS preparation path-
way produced fine powder with nanoscale size. Moreover, RS
also played an important role in improving the compressive
strength and Young’s modulus of HA/SF-RS composites. Hence
this report shows the possibility of synthesizing the bone-filling
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materials with enhanced fracture toughness. From such proper-
ties, the prepared HA/SF-RS composite should be tested further
in an in vivo condition for using as bone-filling materials.
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