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SURIYAN RAKMAE : THE STUDY OF USING NATURAL
HYDROXYAPATITE AS A FILLER FOR POLY(LACTIC ACID)
COMPOSITES. THESIS ADVISOR : ASST. PROF. NITINAT

SUPPAKARN, Ph.D., 139 PP.

POLY(LACTIC ACID)! HYDROXYAPATITE/ COMPOSITE/ SILANE

COUPLING AGENT/ BOVINE BONE

In this thesis, hydroxyapatite (HA) powder was proed from bovine bones in
order to use as a filler for poly(lactic acid) (PL&omposites. Scanning electron
microscope (SEM), X-ray diffractometer (XRD) and ufier transform infrared
spectrometer (FTIR) were used to characterize tiaimed powder. SEM
micrographs, XRD pattern, and FTIR spectrum of ioeld bovine bone powder
revealed that the obtained powder was in a formargstalline carbonated HA, and
highly agglomerated. So, the calcined bovine boowder was called u-HA in this
study. u-HA/PLA composites at various contents & tthere prepared by either
melt-mixing or solution-mixing technique¥he u-HA/PLA composites prepared by
melt-mixing exhibited the more homogeneous distrdyuof u-HA in PLA matrix as
compared witlthe composites prepared bglution-mixing techniqudn comparison,
tensile modulus, tensile strength, and impact gtrenf the melt-mixed composites
were higher than those tiie solution-mixed composites. Moreover, decompmsit
temperatures of the melt-mixed composites weredrnighan those of the solution-
mixed composites. Nonetheless, average moleculagghtgeof PLA in the solution

mixed composites, as confirmed by GPC, were sicaniily higher than those in the



v

melt-mixed composites. The surface of HA powder wagdified with either
3-aminopropyltriethoxysilane (APES) or 3-methackyloropyltrimethoxysilane
(MPTS). FTIR and EDXRF results confirmed the appree of APES and MPTS on
the HA surfaces. SEM micrographs of silane-treat#dPLA composites revealed
that modification of HA with APES or MPTS easedtdimition of HA powder in
PLA matrix and enhanced interfacial adhesion betweeth phases. Based on the
results, the mechanical properties of silane-tcb&t@&/PLA composites were better
than those of untreated HA/PLA composites. Moreovig6A and GPC results
showed that the incorporation of silane-treated iHt& the PLA matrix significantly
increased thermal stability of the composite anttebsed the thermal degradation of
PLA chains.Additionally, in vitro degradation behaviors of untreated HA/PLA and
silane-treated HA/PLA composites were also analyZéx results showed that the
stronger interfacial bonding between silane-trediéddand PLA matrix significantly
delayed then vitro degradation rate of the PLA, after immersing inSPRloreover,
the results of bioactive study showed that the nooration of u-HA into the PLA
matrix significantly induced the formation of calon phosphate compounds on the
composite surface as evaluated by means of SEM,, DR and XRD. In addition,
in vitro cytotoxicity tests indicated that the extractarirall HA/PLA composites had

no toxicity to human osteoblast cell.
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CHAPTER |

INTRODUCTION

1.1 Background

Hydroxyapatite [HA: Ca(PQy)s(OH),] is a form of calcium phosphate which
is similar to a major inorganic component in hassues of human body. HA has
been considered as a biomatedak to its biocompatibility and osteoconductivity
(Chandrasekhar, Shaw, and Mei, 2005; Hasegaveh, 2006). Therefore, HA has
been synthesized and used in various medical apiolits such as fillers, spacers and
bone graft substitutes in orthopedic, maxillofaegpplications and bone replacement.
HA can be synthetically prepared or derived fronured sourcese.g. coral, bovine
bone, swine bone. (Chandrasekhar al., 2005; Shikinami and Okuno, 2001;
Ruksudjarit, Pengpat, Rujijanagul, and Tunkasir)0&. However, the major
drawbacks of using HA in a form of single componemy. dense HA, porous HA, are
its brittleness and the difficulty of processindnebe problems have been sohmsd
using HA as a filler for polymer matrices.

The synthetic HA powders are frequently used ionaterial studies as a
reinforcing filler for polymer composites. Howevethe synthetic HA is quite
expensive. Also, its chemical composition and prige extremely depend on the
preparation condition. In recent years, severahaits have been done to produce HA
from natural sources for biomedical applicationacsi the natural HA is less
expensive and more compatible to human hard tisgbleandrasekhagt al., 2005;

Shikinamiet al., 2001; Ruksudjariét al., 2008). In Thailand, there are high volumes



of bovine bone as a livestock waste. Normally, lthee is used in fertilizer, animal
foods, and making porcelain.g bone china). Using the bovine bone as a raw
material for producing HA not only increase addetue of the bovine bone but also
reduce volumes of the livestock waste. As anotipgraach to utilize bovine bone,
this research aims to prepare bovine bone basedoblder and further use the
powder as a filler for a polymer composite.

HA/polymer composites have become an interesbpg for many research
groups because of the flexibility in tailoring pespes of the compositeg,g. by
varying types of polymer matrix. For an example, FAnforced HDPE composite
has been developed and successfully used in orbiejery as a hard tissue
replacement material (Wang, Deb, and Bonfield, 200Revertheless, some
orthopaedic implants such as bone screw, bone, @ateneed temporary materials
that stay intact until the healing process in tleybis complete. After that, the
materials must be degraded by hydrolytic or enzigredtion and excreted from the
body as waste productdhus, HA/bioresorbable polymer composites become
important representatives of those materials siheg combine the osteoconductivity
and the bone bonding ability of HA with the resdniity of the biodegradable
polymer. In addition, HA/bioresorbable polymer caspes are also easy to process
into required shapes (Zhamgal., 2005; Ooi, Hamdi, and Ramesh, 20Blasegawa
et al., 2006; Deng, Hao, and Wang, 2001).

Many types of bioresorbable polymers have beereldped and used in
medical applications such as poly(lactic acid) (PLgoly(3-hydroxybutyrate) (PHB),
poly(glycolic acid) (PGA), poly(lactide-co-glycok)d (PLGA), poly(anhydrides),

collagen, chitosan and poly(hydroxyalkanoates). Aghthese polymers, poly(lactic



acid) is a good candidate because it is biodegladaid essentially yields nontoxic
byproduct after degradatioRssiast al., 2006). From various research works, it is
well known thatdegradation of pure PLA implanted vivo produces intermediate
acidic products such as lactic acid, via hydrolysis of the potgesbonds.
Subsequently, these acidic products are procebsaalgh normal metabolic pathways
and are eliminated from the body as carbon diot&leganuma and Alexander, 1993;
Agrawal and Athanasiou, 1997; Horst, Robert, Suegaand Antonios, 1995)ence,
the composite between PLA and HA is a good alter@dd be used as a biomaterial
since it is combining bone-bonding potentials, rejte and stiffness of HA with
flexibility and bioresorbability of PLA. During héag process in human body, the
polymeric part is metabolized and excreted whike HA is retained in the body and
being a supporter for the growth of osteoblast (alfukawaet al., 2000).

However, PLA matrix has methyl unit€CHs) as side groups, therefore, PLA
surface is hydrophobic in nature. This is in costtt® HA surface, which exhibits
hydrophilic character. Because of the polarity etéihce between PLA and HA
surfaces, the agglomeration of HA is observed HAZPLA composite system. Also,
the composite failures mainly occur at the intesfa€ HA and polymer matrix. These
lead to poor mechanical properties of HA/PLA conitass(lgnjatovic, Suljovrujic,
Simendic, Krakovsky, and Uskokovic, 2001; Chandthaeet al., 2005).

Mechanical properties of the composite are theomamt factors that relate to
applications of the material. To use a HA/PLA cosip® as a biomaterial, its
mechanical properties need to be adjusted to Is® ¢tmthose of the replaced tissue,
e.g. natural cortical bone has modulus of elasticity 380 GPa.(Kasuga, Ota,

Nogami, and Abe, 2001). To achieve the requiremangsed on the mechanical



properties of the composite, a good distributionH# in PLA matrix and good

adhesion between HA and PLA must be taken place.aSkacking of effective

adhesion between the HA and the PLA matrix needeldet solved. Therefore, an
improvement of the interfacial adhesion betweenat® PLA matrix has become an
important area of studies. To improve the intedhadhesion between HA and PLA
matrix, the hydroxyl group presenting on the HAface can react with organic
molecules such as silane coupling agents, zirceait, poly acids, poly(ethylene
glycol), isocyanate and dodecyl alcohol (Liu, Wifaroot, and Blitterswijk, 1998).

Generally, treating HA surface with a silane conglagent is an effective method to
improve the interfacial adhesion between HA pastichnd polymer matrix (Arami

et al., 2008).

In vitro experiment is a primary method usually used touatal cytotoxicity
and bioactivity performances of biomaterials. Timsthod refers to the technique of
performing a given experiment in a controlled eonment outside of a living
organism, for example in a test tube (Tsuji anadkhi, 2004)Furthermore, to study
the simultaneous degradation of HA/PLA compositeeuman body, the experiment
is designed by simulating the condition similahtonan body. The degradation of the
composites is studied by immersing the composites ibuffer solution having
properties similar to human body fluid. Various feaéd solutions, for example,
phosphate-buffered solution (PBS), Hank’s balangké solution (HBSS), sodium
citrate buffered solution can be used for ianvitro study. (Tsujiet al., 2004;
Verheyenet al., 1993). The degradation of PLA is a complex process invavi
numerous variables, such as the crystallinity andleoular weight of PLA,

processing conditions, shape and size of specimetts, Additionally, the



incorporation of an HA phase into the PLA matriars interesting factor that would
affectin vitro degradation of HA/PLA composites (Navarro, Ginelgtianell, Barrias,
and Barbosa, 2005).

In this study, natural HA powder was produced frioovine bone by thermal
treatment. The HA powder was treated with eithesn8nopropyltriethoxysilane
(APES) or 3-methacryloxypropyltrimethoxysilane (MB®T Then, natural HA
powders with different surface modification wereedigo reinforce PLA. Effects of
surface modification and filler content on morplpéal and mechanical properties of
HA/PLA composites were examined. In addition, thegrddation behavior of

HA/PLA composites in buffer solutiom vitro testing, were investigated.

1.2 Research objectives

The objectives of this study are as follows:

() To investigate charactetiss of HA powder prepared from bovine bone.

(i) To investigate effect of mixing process, meilixing and solution-mixing,
on thermal properties, mechanical properties, muggical properties of natural
HA/PLA composites.

(iif) To investigate effects of natural HA conteahd natural HA surface
modification on thermal properties, mechanical prtips, morphological properties

and degradation behavior of natural HA/PLA compassit



1.3 Scope and limitation of the study

In this study, natural HA powder was produced frioovine bone by thermal
treatment. The obtained HA was separated into trewgs,i.e. untreated HA and
silane-treated HA. Surface modification of HA powdeas done using either
3-aminopropyltriethoxysilane (APES) or 3-methackylpropyltrimethoxysilane
(MPTS). The amount of silane used is 2.0% basedhenweight of HA powder.
Untreated HA and silane-treated HA were investigaby a Fourier transform
infrared spectrometer (FTIR), an X-ray diffractoere{XRD), a scanning electron
microscope (SEM) and a thermogravimetric analyz&X).

HA/PLA composites at various contents of HA powaere compounded
through either solution-mixing or melt-mixing teetne using an internal mixer and
then the composites specimens were prepared byressipn molding. Effects of HA
content and surface modification on mechanical,rntia¢ and morphological
properties of natural HA/PLA composites were deteed. A universal testing
machine and an impact testing machine were usedhdasure the mechanical
properties of the HA/PLA composites. Tensile fraetisurfaces of the HA/PLA
composites were evaluated using a SEM.

In vitro degradation behavior of HA/PLA composites was mheteed. The
composites were immersed in a phosphate buffetisnl(PBS) and simulated body
fluid (SBF) at 37°Cfor various time periods. The weight change andtkiekness
change of the composite specimens after immersifRBIS were measured. Also, the
changes in pH of PBS solution were recorded. Adddily, molecular weight of PLA
in neat PLA and HA/PLA composite before and aftedrblytic degradation in PBS

were evaluated by a gel permeable chromatograpBCJGThe surface of the



composites after immersing in SBF were charactériigng SEM, EDX, XRD and

FTIR.
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CHAPTER I

LITERATURE REVIEW

2.1 Preparation of natural hydroxyapatite

In recent years, several researchers investigptsgibilities of producing
natural hydroxyapatite from bovine bone. @bal. (2007) studied the properties of
HA bioceramic produced by heat treatment of bowiore. They have found that the
nanocrystalline apatite was observed when the dingetemperature was above
700°C and up to 1000°C. However, annealing beyd@D°C resulted in partial
decomposition of the HA phase to form a minor phasg-tricalciumdiphosphate
(B-TCP). As the annealing temperature increased @%2, the intensity of the XRD
characteristic peaks @fTCP gradually increased.

Yoganand, Selvarajan, Wu, and Xue (2009) prepdredby heat treatment of
bovine bone at 850°C for 5-6 h. The XRD spectrumiceted that the obtained
product was hexagonal-phase HA. Then, the HA wasdpoed. SEM micrograph
showed that HA powders were in highly irregular (e e.g. edges, angular,
rounded, circular, dentric, porous and fragmentempimologies. In addition, after
heat treatment, a disease-causing agent was netvels (Ozyegin, Oktar, Goller,
Kayali, and Yazici, 2004).

Benmarouanea, Hansena, and Lodini (2004) studfedteof heat treatment

on microstructure of bovine bone based HA. The noeudiffraction pattern indicated
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that heating the bone at 625°C for 3 days did iainge the orientation of HA
crystallites, which still directed along the axidlze bone.

Ruksudjarit et al. (2008) used vibro-milling technique to produce HA
nanopowders with high purity from bovine bone. Tdreed bone was calcined at
800°C for 3 h and ground by vibro-milling at vasotimes. XRD patterns of all
ground bone powders corresponded to that of purephidse. SEM micrographs of
HA powders after vibro-milling time of 2 h showe@dnoneedle-like shape of HA
powders with diameter less than 100 nm.

Lorprayoon (1989) synthesized HA and TCP usingebash as a starting
material. The bone was calcined at 700°C for 8EMTmicrographs showed that the
obtained bone ash was nano-scale particles. Therhone ash was dissolved and
precipitated at various pH. The precipitated bores weated to 1230-1280°C for
2-3 h. The results showed that TCP was obtaineah\ilie precipitation was at pH of
8.0-8.5 while the single phase of HA was precipidlaat pH of 9.7-10, confirmed by
XRD patterns.

Haberkoet al. (2006) investigated characteristics of HA produéexhn pig
bone at elevated temperatures. They have found ttieatpig bone started to
decompose at the temperatures over 700 °C. A, reglcium oxide and carbonate
groups were partially removed from the system. Smmeously, crystallite growth
became intensive, specific surface area of the powecreased and compacts of such

powder started to shrink.



12

2.2  Surface treatment of hydroxyapatite by silanizion

To enhance the integrity of HA/PLA composite, Hw can be surface treated
with a coupling agent, such as organofunctionang$, which in general effectively
improves adhesion between HA and polymer matrix.

Dupraz, Wijn, Meer, and Groot (1996) modified sied of HA powder with
several methoxysilane coupling agents (Table 4.&),vinyltriethoxysilane (VS),
N-methylaminopropyltrimethoxysilane (TRIAMO), 3-nhetcryloxypropyltrimethoxy
silane (MPTS), 3-aninopropyltriethoxysilane (APE®) N-(2-aminoethyl)-3-amino-
propyltriethoxysilane (DAS). Low concentration afase solution was prepared to
retain the coupling agent as monomer or dimer. Ypfaotoelectron (XPS) spectra of
all HA samples revealed the presence of a few nayeo$ of thin silane films on HA
powder. This indicated that silane coupling agewse able to chemically bond on
the HA surface since a thin coating of silane fiemained after washing the powder
with water for several timeThe stability of the silane coating film in a wet
environment was measured by extracting the coateal@rs with water at 37°C for 5
days. XPS results showed that VS, MPS and DAS mg&tivere able to withstand a
mild water extraction. This was due to silane-slarosslinking prevented silane
molecules from water extraction. In contrast, AMM@d TRIAMO coatings were

completely removed.
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Table 2.1Chemical formular of organofunctional silane conglagents

Name Chemical formular
VS CH, = CH-Si-(OCH)3
MPTS CH, = C(CH;)COOCH-CH,-CH,-Si-(OCH)s
APES NH.-CHa,-CH,-CHy- Si-(OCH.CHs)s
TRIAMO CH2-NH-CH,-CH,-CH,- Si-(OCH)3
DAS NH,-CH,-CHs- NH-CHy-CHp-CHp- Si-(OCH)s

Shinzato, Nakamura, Kokubo, and Kitamura (200Wylied effect of the 3-
methacryloxypropyltrimethoxysilane content on bagdistrength of poly(methyl
methacrylate) (PMMA)/bioactive glass bead (GCB) posites. The glass beads were
treated with different amounts of silane couplimgmat,i.e. O (untreated GCB), 0.1,
0.2, 0.5, and 1.0wt% of the glass beads (silareeddeGCB). The bending strength of
the PMMA/GCB composites before and after soakingater at 75°C for 5 days was
measured. At initial condition PMMA/silane-treateGCB composites had
significantly higher bending strengths than PMMAfeated GCB composites, but
there were no significant differences between weritypes of PMMA/silane-treated
GCB composite. Moreover, after soaking in water bpdreating GCB with 0.2wt%
of silane, the obtained PMMA/silane-treated GCB posite had the highest bending
strength. The result implied that the siloxane omduld make the theoretical
monolayer of the silane coupling agent at 0.2wttcesithe monolayer silane was
believed to bind strongly to glass beads with PMN¥hen the amount of the silane
coupling agent was less than 0.2wt%, the numbsil@tane bonds decreased leading

to the less interfacial interaction between the ptases. When the amount of the



14

silane coupling agent was greater than 0.2wt%, lélyer of the coupling agent
became thicker. The formation of weak hydrogen kBdndhick coupling agent layer
was the cause of the weak bending strength of PMiNake-treated GCB
composites.

Zhanget al. (2005) investigated interfacial adhesion betwedsme-treated
HA and PLA matrix. The HA powders were treated wiBhaminopropyltri
ethoxysilane, 3-(2,3-cyclopropoxy)-propyltrimethsigne, 3-methypropenionyloxy-
propyltrimethoxysilane. Thereafter, various sildrested HA/PLA composites at
20vol.% HA were produced. IR spectrum showed thstemce of silane molecules on
surface of the modified HA. Interfacial adhesiortween the HA and the polymer
matrix can be improved by silane coupling agentesiaLA bond chemically to silane
coupling agents on HA surfaces. Moreover, SEM ngphs of the silane-treated
HA/PLA composites indicated that the silane-treatétid particles were
homogeneously dispersed in PLA matrix. Thereforending strength of silane-
treated HA/PLA composites were higher than thatrdafeated HA/PLA composite.

Wen et al. (2008) developed a method to prepare HA/silicameber (SR)
composite. HA was modified by vinyltriethoxysilanpply (methylvinylsiloxane)
(PMVS) and 2,5-bis(tertbutylperoxy)-2,5-dimethyllae@e (DBPMH). SEM micro-
graphs of silane-treated HA clearly showed thatHBepowders uniformly dispersed
within SR matrix and closely connected with the meat with obscure interfaces.

Daglilar and Erkan (2007) modified surface of Hériged from bovine bone
(BHA), synthetic HA andg3-TCP with 3-methacryloxypropyltrimethoxysilane. The
different amounts of the silane-treated filler weaglded to PMMA matrix.

Compressive and three point bending propertiehefcomposites showed that the
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amount of ceramic filler was more effective in emtiag their mechanical properties
than the silanation treatment itself.

Wang and Bonfield2001) studied effect of adhesion between HA pladic
and HDPE matrix on mechanical properties of contpesiHA surface were treated
with 3-trimethoxysiylpropylmethacrylate before biiemg with HDPE. EDX pattern of
the silane-treated HA showed bands of the carbamgl SiO functional groups. The
result indicated that the silane coupling agent weafted on HA surface. The
improvement in tensile strength and fracture stdinreated HA/HDPE composite
were observed. This was due to the homogeneoustildition of silane-treated HA
in polyethylene. Moreover, SEM micrograph of HA/HBRcomposites showed
HDPE fibril network formation on a HA patrticle.

Daglilar, Erkan, Gunduz, Ozyegin, Salman, Agathops, and Oktar (2007)
studied water adsorption behavior of PMMA reinfatosith silane-treated bovine
bone based HA powder. The HA powder was treatedh wit2wt% of
3-methacryloxypropyltrimethoxysilane. The experinanresults showed that the
addition of untreated HA powder in the polymer maénhanced water absorption of
the composites. In contrast, the water absorptibnsitane-teated HA/PMMA
composite was decreased.

Furuzono, Sonoda, and Tanaka (2000) developedthodhdor HA/silicone
composite preparation. HA microparticles were stefa modified by
3-aminopropyltriethoxysilane before adding into rh0of pure water. Subsequently,
acrylic acid-grafted silicone sheet was immersedhin solution. FTIR spectrum of

silane-trated HA particles confirmed that the stlazoupling agent was covalently
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bonded to the HA particles due to the appearandbenfSiO stretching vibration at

1043 cm™.

2.3 Preparation of HA/PLA composites

Various methods have been successfully used @upetHA/PLA composite
biomaterials, such as melt-mixing of HA and PLA, lyoeerization of lactide
monomer onto HA particles, forging and hot pressiogobtain three-dimensional
blocks of the composite. Nowadays, the compositecispgens with mechanical
characteristics close to the natural bone tissaeohtained only by forging and hot
pressing methods.

Ingjatovic, Suljovrujic, Simendic, Krakovsky, and Uskoko\2004) prepared
specimens of HA/poly(L-lactide) (PLLA) compositesing two-step procedure.
Firstly, HA powder was preparday precipitation of calcium nitrate and ammonium
phosphate in an alkaline mediufALLA was dissolvedn chloroform then, HA
powder was added and then obtained mixture wasuva@yvaporatedn the second
step, the obtained powders were compacted by lessilg to get specimens. The
researchers have found that the hot pressing puoeeslas possible to change the
porosity of HA/PLLA composites. The porosity of HAILA composites were
decreased by prolonging the hot pressing time. BMlare SEM micrographs of
HA/PLLA compositesshowedHA particles werefinely distributed inthe polymer
matrix. In addition,hot pressing causes a decrease in crystalliniti?ldfA in the
HA/PLLA composite biomaterial as proved by wide-@ng-ray scattering (WAXS)
and DSC analysis. The WAXS results indicate a &ant decrease in PLLA

crystallinity during hot pressing. DSC analyses frcored these changes in
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crystallinity degree and also indicated changeglass transition, cold crystallization,
and melting temperature of the PLLA polymer. In tjigen time interval of hot
pressing from O to 60 min, insignificant qualit&iehanges in the HA and the PLLA
phase were recorded by IR spectroscopy.

Shikinamiet al. (1999) prepared HA/PLLA composites by fogging noeth
The small HA/PLLA granules of different amountstA (i.e. 20, 30, 40, and 50wt%
of HA particles within a PLLA matrix) were collectdy adding ethanol dropwise to
a PLLA-HA/dichloromethane solution. The granulesrevéhen extruded to make a
thick billet. Thereafter, this billet was forged #403°C into a thin billet without
fibrillation and cut on a lathe into required sheypEhe mechanical testing results,
bending, tensile, compression and impact propertiedicated that the forged
HA/PLLA composites generally have much higher meatal strength compared
with the HA/PLLA composites produced from othertteicues. The devices made of
forged composites have a crystalline morphologgoohplex (multi axial) orientation.

So, they showed extremely high strength uniformlgli directions.

2.4  Properties of HA/PLA composites

2.4.1 Thermal properties
Ignjatovic et al. (2004) investigated thermal behavior of hot pressed
HA/PLLA composites.The HA/PLLA composites were hot pressed for ddfer
pressing timesi.e. 5, 15, 30, 45, and 60 minDSC thermograms and wide-angle
X-ray scattering (WAXS) patterns of the HA/PLLA cposites prepared at various
hot pressing time revealed the decrease in glassition temperature g}, melting

temperature () and percent of crystallinity of PLLA componenttiivprolonging hot
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pressing time. The observations were due to theaegement of PLLA chains on the
HA surfaces during the composite preparation. Iditaah, GPC results confirmed

that the polymer chains were broken due to thermaohanical factors. TGA results
showed that thermal stability of the obtained cosijgs decreased with increasing
hot pressing time.

Deng, Sui, Zhao, Cheng, and Yang (2007) stuchedpreparation of
HA/PLLA hybrid nanofibrous scaffolds. PLLA and HA/PA scaffolds were
fabricated using electrospinning techniguérom DSC results, theHA/PLLA
scaffolds exhibited lower melting enthalpies (34/§) than the PLLA scaffolds (44.6
J/g). The decrease in melting enthalpy of the HA/RIscaffold indicated that hybrid
scaffolds contained microcrystals between PLLA kBlamiet al., 2001).

Zheng, Zhou, Li, and Weng (2007) studied shapenong properties
of poly(D,L-lactide) (PDLLA)/HA composites. They W& found that HA content
played a very important role in changing of df the composites. DSC results
revealed that the 4Tof neat PDLLA and HA/PDLLA composites at weightioa of
HA of 25, 30, 45, 50% were 53.7, 55.6, 56.8, 5320°C, respectively. The, Df the
composite increased with increasing HA content bgue to the existing interfacial
interaction of PDLLA and HA.

Gay, Arostegui, and Lemaitre (2008) determinece tthermal
characteristics of PLLA and HA/PLLA composites @siDSC. Effect of HA content
on crystallisation and melting temperatures of cbmposites were measured. In the
second heating scan, glass transition, crystatisatnd melting points of PLLA and
HA/PLLA composite were observed. The experiment tveal heating cycles. In the

first step, the sample was heated from 25 to 200i€&ement rate of 15°C/min).
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Then, it was quenched at a rate of -15°C/min taC29°he second step, the quenched
sample was run from 25°C to 200°C. The DSC resulticated that the glass
transition of the composites increased slightlyhwiHA content but there was no
significant changes in the crystallization and thmelting temperatures of the
composites as compared with those of the neat PLA.

2.4.2 Mechanical properties

Chandrasekhaet al. (2005) synthesized porous HA/PLA scaffolds
using a salt leaching technique. The compressivpgrties of HA/PLA composites
were investigated as a function of HA content. Teenpression strength and the
modulus of elasticity of the composites increaseith vincreasing HA content.
Additionally, the increases inompressive strength and elastic modulu$iAfPLA
scaffoldswith increasing HA content have also been obsemeatknse HA/PDLLA
composites (Lin, Fang, Tseng, and L2807) In contrast, the bending strength of
HA/PLA composites decreased with increasing HA eohiShikinamiet al., 1999).
Thus, mechanical properties, such as strength &sticemodulus of PLA can be
controlled by the amount of added HA particleshea tomposites.

Denget al. (2001) studied the preparation and mechanical ptiegeof
nanocomposites of PDLLA with Ca-deficient HA nangtals (d-HA). Tensile
testing results indicated that adding d-HA into #eA matrix could significantly
increase in the tensile modulus of d-HA/PLA compmsiThe yield stress of the
composite slightly varied with d-HA loading. This typically found when there is
effective adhesion between the polymer matrix &editler.

Kasuga, Ota, Nogami, and Abe (2000) studied trepgration and

mechanical properties of PLA composites containiy fibers (HAF). Tangent
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moduli of elasticity were estimated using stressiist curves obtained from the
bending tests. The bending strength of HAF/PLA cosme was insignificantly
changed with the HAF content. On the other hane,ntodulus of elasticity of the
composites was improved with increasing HAF conténtwas reported that the
contents of HAF of 75wt% should be added into thé hatrix in order to prepare
the composites with modulus of elasticity closéhtat of natural bone.

Nejati, FirouzdorEslaminejad, and Baghef2009) studied effect of
HA particle size on mechanical properties of HA/Pcémposite. The mechanical
properties of HA/PLA composites containing nanolsddA were compared with
those of PLA composites containing micro-scale HAe compressive strength and
the compressive modulus of the microcomposite &m@dnanocomposite scaffolds
were higher than those of the pure PLLA scaffollse compressive strength of
50wt% nano-scale HA/PLA compositevas significantlyhigher than that of the
micro-scale HA/PLA composite. It may be attributedhe larger surface area of the
nano-scaleHA and the more uniform distributioof the nano-scal&lA particles in
PLLA matrix as compared with those oficro-scaleHA particles. However, the
compressivanodulus of the microcomposites and the nanocomgpsséffolds were
not statistically different.

2.4.3 Morphological properties

Todo, Park, Arakawa, and TakenosH{206) studied the relationship
between microstructure and fracture behavior of alsorbable HA/PLLA
composites. Effects of particle size and partitlape of HA on fracture surface of
HA/PLLA composites were determined by SEM. SEM migaphs of fracture

surfaces of HA/PLLA composites showed that the Hi#hwplate and micro-scale
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shape exhibited relatively rough surfaces. This di#s to the ductile deformation of
the PLLA matrix during the debonding of the HA/nmatinterfaces. On the contrary,
the HA with spherical and nano-scale shape exhibisenooth surfaces that
corresponded to brittle fracture behavior due orthno-scale interaction between the
PLLA fibrils and the HA particles.

Takayama, Todo, and Takano (2008) investigatitiedf HA particle
size on the mechanical properties and fractureggnafr HA/PLLA composites. SEM
of cryofracture surfaces of HA/PLLA composites skowthe good dispersion of
micro-scale HA particles in PLLA matrix. On the ethhand, SEM micrograph of
PLA composites containing nano-scale HA exhibitedrenagglomeration of HA
particles with various size of agglomerated paeticlThis indicated that the nano-
scale HA particles easily agglomerated comparetl thi¢ micro-scale HA particles.
The existence of these agglomerations resultedhén reduction of the bending
strength and the fracture energy because theseeamity fractured due to weak
bonding between particles and such localized frachecomes the initiation of fast
global fracture of the composite material. This hatdsm was supported by the
brittle fracture behavior. The micrograph of nawaie HA/PLLA showed very
smooth and flat fracture surface, indicating veaw ldissipated energy. This was in
contrast to the fracture surface of the micro-sePLLA which exhibited a rough
surface with interfacial failure at the micro-scatA and PLLA interface and
localized plastic deformation in the surroundinfthe debonded particles.

2.4.4 |nvitro degradation
Russiaset al. (2006) investigated effectof fine-commercial HA

powder and coarse HA whisken in vitro degradation behavioof HA/PLA
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compositesThe mechanical properties of the composites weatuatedboth before
and after storage in a Hanks’ balanced salt sel(ttBSS) at various periods of time
The results indicatethat composites with cerameontents ranging between 70 and
85wt% had similar mechanical properties to humarticad bone. However, the
properties of these composites were deterioratéld imimersion in HBSS due to the
degradation of the polymer phase. Microstructuréhefcomposite clearly confirmed
that the polymer bridges have degraded or disapgdeafter immersion in HBSS,
causing a significant degradation of the mecharpoaperties of the composites. The
degradation was momgonounced in composites with higher ceramic cdntiele to
the dissolution of the trapped polymer chains betweéhe ceramic particles. In
comparison, both fine HA and coarse HA based coitggsshowed similar
degradation pattern in a simulated environment.

Verheyenet al. (1993) examined physico-chemical behavior of the
neat PLLA, the composites containing 30wt% and Sowif HA and the one-side
HA-coated PLLA immersed three different buffer dwmlos, i.e. citrate buffer,
Gomori’s buffer and phosphate-buffered solutiom, 28 weeks. The results showed
that the releases of calcium ions, phosphate iodslalactate from the specimens
increased with increasing immersing time in alleypf buffers. Among three buffer
solutions, the specimens immersed in citrate busi@ution released the highest
amounts of calcium and phosphate ions. This waauseccalcium citrate complexes
probably prevented precipitation of calcium phosphan specimen surfaces. The
drop of pH of PBS solution was observed after thenersion of HA-coated PLLA
specimens for 8 weeks. It was possible that hydislpf the polymer releases'H

ions, causing a decrease in the pH which led to@ease in the solubility of calcium
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phosphates. This study indicated that thestro solubility of calcium phosphates
depended on the surrounding medium as well ase@mtterials themselveshe pH
change of the buffer solution and weight lossH#&/PDLLA composite during the
hydrolysis process has been also observed. Thésésdicated thathe composite
with a higher HA/PDLLA weight ratio had a highergiladationrate. The lower pH
value also implied that the higher amounts of deéggdaPLAdissolved in the buffer
solution. Moreover, the surface area of PLA exposed to thetisa increased with
increasing HA content in the HA/PDLLA compositesof a chemical reaction
viewpoint, this led to a higher reaction rate ofltotysis of PLA with increasing HA
content (Linet al., 2006).

Tsuji et al. (2004) investigated the hydrolysis of PLLA crybted
residues in PBS using gel permeation chromatogrg@BC). To prepare PLLA
crystalline residue, the PLLA films were melted 220°C for 5 min and then
crystallized or annealed at 160¥Gr 600 min followed by quenching to 0°C. To
remove the PLLA chains in the amorphous region$,Afilms was immersed in 100
ml of 0.15 m PBS at pH 7.4 and 97f&@ 40 h. Then, the hydrolysis PLLA crystalline
residues (20 mg) was performed in 100 ml of 0.1BBE at pH 7.4 and 37°C for the
periods of time up to 512 days. PBS was replaceck an month. The average
hydrolysis rates estimated from the changes in ruraberage molecular weight (M
and peak top molecular weight Mor the hydrolysis period from 192 to 512 days
revealing that linear decreases of &hd M in this period were 5.31 and 5.01 g thol
day’, respectively. The low hydrolysis rates indicatéat the PLLA crystalline

residues can remain for a long period. The hydislgbthe PLLA crystalline residues
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proceeded from their surface composed of very sti@ins with a free end along the
chain direction but the hydrolysis form their lalesurface could not be traced.

Dueka, Zavaglia, and Belangda®99) investigated effect of degree of
PLA crystallinity on degradation process of PLA .pikechanical, thermal and
morphological properties of PLA pin were evaluabedfore and after immersion in
buffer solution. DSC result showed an increaseeigréele of crystallinity of PLA with
increasing immersion time for all specimens. ThéARlin with lower crystallinity
had higher bending strength than that with highgstallinity.

Yuan, Mak, and Yao (2002) studied degradation fA° fibers in
PBS (pH 7.4) and in a dilute NaOH solution (pH }B080°C. They have found that
the viscosity-average molecular weights of the PLiidres dropped sharply and
decreased by over 90% after 6 days of degradatfiba.thermal behaviours of the
fibres showed that after immersion in both medias,melting temperature of PLLA
decreased while their crystallinities increased.e Tibres completely lost their
mechanical strength after 5 days of degradatid?B®& or in dilute NaOH solution at
80°C. In addition, SEM showed microcracks on tberfisurfaces across the fibre axis
after degradation. These morphological defectsiooefl the decrease in viscosity-
average molecular weight of PLLA chain.

Kang et al. (2007) synthesized porous PLIATCP composite. The
PLLA/B-TCP composite were immersed in dynamic simulatetyysluid (DSBF) and
in static simulated body fluid (SSBF) at 37°C fdr\#eeks. SEM micrographs of all
specimens indicated that a large number of apatex were formed on the scaffolds,
especially in SSBF. The molecular weight of specisnender flow SBF was higher

compared with those tested under static conditidhss might be that flow of SBF
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retarded the autocatalysis of PLLA. The porositg amss change was related to the
apatite formation and SBF flow. The changes in nagkporosity contributed to the
formation of large number of apatite on the surfaceé in the interior of the materials.
The formation of apatite may compensate the lossya$s due to dissolution @f
TCP and the hydrolysis of PLLA. Moreover, the adafitof B-TCP into PLLA affects
the degradation rate of PLLA in the composite sitdff. The degradation rate of
scaffolds could be adjusted by the additional foecof B-TCP. Results indicated the
possibility to modulate the degradation rate of¢beposite scaffolds by varying the
content of3-TCP added to the polymer.

Navarro, Ginebra, Planell, Barrias, and Barbo280%) studied
chemical and morphological changes of PLA/soluldkiom phosphate glass (G5)
composite during its degradation in simulated ptiggiical conditions. They have
found that the G5 incorporated in the polymeric mratnduced morphological
changes, such as the formation of cracks in theposite, which accelerated the
degradation of the material. Additionally, G5 resttwith the aqueous medium
inducing the formation of a calcium phosphate pokaie, which could enhance the
interaction between the material and the bonedissu

Li, Feng, and Cu{2006)prepared nano-HA/collagen/PLLA composite
reinforced by high-strength chitin fiber§o further strengthen the scaffold, linking
between PLLA and chitin fibers were produced by-soiuble dicyclohexyl
carbodimide (DCC).To prepare the linked PLLA/chitin fibers, the chitfibers,
PLLA and DCC (1:4:2) were dissolved into dichlordhene at €C for 2 h. The
linked PLLA/chitin fibers was taken out and washmBddichloromethane and dried.

Thereafter, the reinforced nano-HA/collagen/PLLAM@msites were incubated at
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37°C in PBS solutionThey have found thahe nano-HA/collagen/PLLA composite
reinforced by linked PLLA/chitin fibers showed letimechanical properties than the
composite without PLLA/chitin linking. These resuldenoted that the strong
interfacial bonding strength of the scaffold withking could decrease the vitro

degradation rate.

2.5 References

Arami, H., Mahajerani, M., Mazloumi, M., Khalifehdeh, R., Lak, A., and
Sadrnezhaad, S. K. (2009). Rapid formation of hygapatite nanostrips via
microwave irradiationd. Alloy. Compd. 469: 391-394.

Benmarouane, A., Hansena, T., and Lodini, A. (20BKat treatment of bovine bone
preceding spatially resolved texture investigatioym neutron diffraction.
Physica B.350: 611-614.

Chandrasekhar, R. K., Montgomery, T. S., and Wei,(2005). Biodegradable HA
PLA 3-D porous scaffolds: Effect of nano-sizedeifillcontent on scaffold
propertiesActa Biomater. 1: 653-662.

Daglilar, S. and Erkan, M. E. (2007). A study ondaramic reinforced bone cements.
Mater. Lett. 61: 1456-1459.

Daglilar, S., Erkan, M. E., Gunduz, O., Ozyegin 3., Salman, S., Agathopoulos, S.,
and Oktar, F. N. (2007). Water resistance of barmaents reinforced with
bioceramicsMater. Lett. 61: 2295-2298.

Deng, X., Hao, J., and Wang, C. (2001). Preparatioth mechanical properties of
nanocomposites of poly(D,L-lactide) with Ca-defitie hydroxyapatite

nanocrystalsBiomaterials. 22: 2867-2873.



27

Deng, X. L., Sui, G., Zhao, M. L., Chen, G. Q., afmhg, X. P. (2007). Poly(L-lactic
acid)/hydroxyapatite  hybrid  nanofibrous  scaffolds regared by
electrospinningd. Biomater. Sci. Polym. Edn18: 117-130.

Dueka, E. A. R., Zavaglia, C. A. C., and Belang&kb,D. (1999). In vitro study of
poly(lactic acid) pin degradatioRolymer. 40: 6465-6473.

Dupraz, A. M. P., Wijn, J. R., Meer, S. A. T., aBdoot, K. (1996). Characterization
of silane-treated hydroxyapatite powders for usefiles in biodegradable
composites). Biomed. Mater. Res.30: 231-238.

Furukawa, T., Matsusue, Y., Yasunaga, T., ShikindmiOkuno, M., and Nakamura,
T. (2000). Biodegradation behavior of ultra-highesgth hydroxyapatite/
poly(L-lactide) composite rods for internal fixatioof bone fractures.
Biomaterials. 21: 889-898.

Furuzono, T., Sonoda, K., and Tanaka, J. (2001)ydxoxyapatite coating covalently
linked onto a silicone implant materidl. Biomed. Mater. Res56: 9-16.

Gay, S., Arostegui, S., and Lemaitre, J. (2009¢pRration and characterization of
dense nanohydroxyapatite/PLLA compositekater. Sci. Eng. C.29: 172-
177

Haberko, K., Bucko, M. M., Miecznik, J. B., Haberkd., Mozgawa, W., Panz, T.,
Pyda, A., and Zarebski, J. (2006). Natural hydrpeyae-its behaviour during
heat treatmentl. Euro. Ceram. Soc26: 537-542.

Hasegawa, S., Ishii, S., Tamura, J., FurukawalN&a, M., Matsusue, Y., Shikinami,
Y., Okuno, M., and Nakamura, T. (2006). A 5-7 yeavivo study of high-
strength hydroxyapatite/poly(L-lactide) compositeds for the internal

fixation of bone fractureBBiomaterials. 27: 1327-1332.



28

Ignjatovic, N., Suljovrujic, E., Simendic, J. B.,rdkovsky, I., and Uskokovic, D.
(2001). A study of HAp/PLLA composite as a subsétdior bone powder
using FT-IR spectroscopiiomaterials. 22: 271-275.

Ignjatovic, N., Suljovrujic, E., Simendic, J., Kiaksky, |., and Uskokovic, D. (2004).
Evaluation of hot-pressed hydroxyapatite/poly-Ltide composite
biomaterial characteristic3. Biomed. Mater. Res.71B: 284-294.

Ignjatovic, N. and Uskokovic, D. (2004). Synthes@snd application of
hydroxyapatite/polylactide composite biomaterighp. Surf. Sci. 238: 314-
319.

Kang, Y., Xu, X., Yin, G., Chen, A., Liao, L., Yad&,., Huang, Z., and Liao, X.
(2007). A comparative study of th@& vitro degradation of poly(L-lactic
acid)-tricalcium phosphate scaffold in static and dymamsimulated body
fluid. Eur. Polym. J.143: 1768-1778.

Kasuga, T., Ota, Y., Nogami, M., and Abe, Y. (200R)eparation and mechanical
properties of polylactic acid composites containimgdroxyapatite fibers.
Biomaterials. 22: 19-23.

Lin, P. L., Fang, H. W., Tseng, T., and Lee, W.(BDO7).Effects of hydroxyapatite
dosage on mechanical and biological behaviors bflgxic acid composite
materialsMater. Lett. 61: 3009-3013.

Liu, Q., Wijn, J. R., Groot, K., and BlitterswijK;. A. (1998). Surface modification of
nano-apatite by grafting organic polymBromaterials. 19: 1067-1072.

Li, X., Feng, Q., and Cui, F. (2006)n vitro degradation of porous nano
hydroxyapatite/collagen/PLLA scaffold reinforced lohitin fibres. Mater.

Sci. Eng. C.26: 716-720.



29

Lorprayoon, C. (1989). Synthesis of calcium hydapatite and tricalcium phosphate
from bone ashlon. Polym. Order. Polym. Hi. Perf. Mater. Biomater. 329-
336.

Navarro, M., Ginebra, M. P., Planell, J. A., Basri€. C., and Barbosa, M. A. (2005).
In vitro degradation behavior of a novel bioresorbable asit@ material
based on PLA and a soluble CaP glésda Biomater. 1: 411-419.

Nejati, E., Firouzdor, V., Eslaminejad, M. B., aBagherj F. (2009). Needle-like
nano hydroxyapatite/poly(L-lactide acid) compostaffold for bone tissue
engineering applicatioMMater. Sci. Eng. C.29: 942-949.

Ooi, C. Y., Hamdi, M., and Ramesh, S. (2007). Priigpe of hydroxyapatite produced
by annealing of bovine bon€eram. Int. 33: 1171-1177.

Ruksudijarit, A., Pengpat, K., Rujijanagul, G., andhkasiri, T. (2008). Synthesis and
characterrization of nanocrystalline hydroxyapafiiten natural bovine bone.
Curr. Appl. Phys. 8: 270-272.

Russias, J., Saiz, E., Nalla, R. K., Gryn, K., Rig¢ R. O., and Tomsj&. P.(2006).
Fabrication an mechanical properties of HA/PLA cosifes:A study ofin
vitro degradationMater. Sci. Eng.26: 1289-1295.

Shikinami, Y. and Okuno, M. (2001). Bioresorbablevides made of forged
composites of hydroxyapatite (HA) particles andypollactide (PLLA): Part
|. Basic characteristic&iomaterials. 20: 859877.

Shikinami, Y. and Okuno, M. (2001)Bioresorbable devices made of forged
composites of hydroxyapatite (HA) powders and polactide (PLLA). Part
lIl: practical properties of miniscrews and miniglaBiomaterials. 22: 3197-

3211.



30

Shinzato, S., Nakamura, T., Kokubo, T., and Kitaamu¥. (2001). Bioactive bone
cement: Effect of silane treatment on mechanicabperties and
osteoconductivity). Biomed. Mater. Res55: 277-284.

Tadakasu, M. and Toru, M., (1998). Crystallizatibehavior of poly(L-lactide).
Polymer. 39: 5515-5521.

Takayama, T., Todo, M., and Takano, A. (2008). €ffect of bimodal distribution
on the mechanical properties of hydroxyapatiteigarfilled poly(L-lactide)
compositesJ. Mech. Behav. Biomed. Mater2: 105-112.

Todo, M., Park, S. D., Arakawa, K., and Takenoshita (2006). Relationship
between microstructure and fracture behavior ofalorbable HA/PLLA
compositesComposites: Part A.37: 2221-2225.

Tsuji, H. and lkarashi, K. (2004)n vitro hydrolysis of poly(L-lactide) crystalline
residues as extended-chain crystallites. Part hg-kerm hydrolysis in
phosphate-buffered solution at’87 Biomaterials. 25: 5449-5455.

Verheyen, C. C. P. M., Klein, C. P. A. T., Blieclgeovorst, J. M. A., Wolke, J. G. C.,
Blitterswijn, C. A., and Groot, K. (1993valuation of hydroxylapatite/poly
(L-lactide)composites: physico-chemical properti@és.Mater. Sci. Mater.
Med. 4: 58-65.

Wang, M., Deb, S., and Bonfield, W. (2000). Chentycaoupled hydroxyapatite-
polyethylene composites: processing and charaeateriz Mater. Lett. 44:
119-124.

Wang, M. and Bonfield, W. (2001). Chemically coupleydroxyapatite-polyethylene

composites:structure and propertiBeamaterials. 22: 1311-1320.



31

Wen, J., Li, Y., Zuo, Y., Zhou, G., Li, J., Jiarlg, and Xu, W. (2008). Preparation
and characterization of nano-hydroxyapatite/sileeonubber composite.
Mater. Lett. 62: 3307-3309.

Yuan, X., Mak, A. F. T., and Yao, K. (2002). Comgiare observation of accelerated
degradation of poly(l-lactic acid) fibres in phogpd buffered saline and a
dilute alkaline solutionPolym. Degrad. Stab.75: 45-53.

Yoganand, C. P., Selvarajan, V., Wu, J., and Xue(2D09). Processing of bovine
hydroxyapatite (HA) powders and synthesis of cafciphosphate silicate
glass ceramics using DC thermal plasma tovetuum. 83: 319-325.

Zhang, S. M., Liu, J., Zhou, W., Cheng, L., and GXo D. (2005). Interfacial
fabrication and property of hydroxyapatite/polyldet resorbable bone
fixation compositesCurr. Appl. Phys. 5: 516-518.

Zheng, X., Zhou, S., Li, X., and Weng, J. (2008hafe memory properties of

poly(D,L-lactide)/hydroxyapatite composité&&iomaterials. 27: 4288-4295.





