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ABSTRACT

Polylactic acid (PLA) is a highly promising matéffiar its biodegradability, nontoxicity, high meatiaal strength,
ability to be absorbed into human body and its twxie biodegradation products. However, when it esrto bone tissue
engineering, PLA has major drawbacks such as |dinadéesion caused by its hydrophobic property, mfldmmatory
reactionsin vivo due to its degradation product, lactic acid. Onegmatic solution for the mentioned problems is the
introduction of bioactive ceramic nanomaterialslded, the incorporation of bioactive ceramic pltiinto PLA matrix not
only can buffer the localized PH decrease dueddtbA degradation products but also improves a#iesion, mechanical
properties, and osteoconductivity. In the presaumys recent proposed approaches based on devglBhiA composites
containing calcium phosphate ceramics such as Rydpatite and tricalcium phosphate are reviewed laodegradability,
mechanical properties and bioactivity assessmefitsPloA-based scaffolds containing different conterds the
aforementioned bioactive ceramic particles areusised in brief. This review is written with an aioncompile the works
done in this field and focus on the propertiehefPLA-based composites and their fabrications autim the field of bone
tissue engineering. The scaffolds reviewed herehtitemonstrate the optimal solution and the swtablLA-based

composite scaffolds for bone regeneration strasegie
KEYWORDS: Bone Tissue Engineering, Bioactive Ceramic Nanoria$e Polylactic Acid
INTRODUCTION

Tissue engineering has been defined as the implatiam of scientific principle to design, constructodify and
grow the living tissues by means of biomateriakd)scand factors, alone or in combination [1]. Ttiadal orthopedic
surgical procedures such as autograft and allogedfer from donor site morbidity, unavailability karge tissue volumes,
donor scarcity, pathogen transfer and immune rieje¢2-4]. There is a growing need for bone regatien to treat the loss
of bone tissue brought about by tumors, osteoniscessl trauma [5]. In bone tissue engineering hes@affold plays an
important role in the manipulation of the functioh osteoblasts and guidance of new bone formaiitre scaffolding
materials should have sufficient mechanical proggrisuitable degradation ratein order to be repldny newly formed

bone, optimized architecture and osteoconductijty[

Among biodegradable polymers, polylactic acid (Pbas been widely used to develop porous scaffalésal its
excellent mechanical properties, biocompatibilgyitable biodegradability and nontoxic degradapiorducts[7]. PLA has
two optical isomers, poly-L-lactide (PLLA) and peBtlactide (PDLA). PLLA is well-known for its exdeint mechanical

properties among bioabsorbable polymers. In addifdd LA fibers possess better mechanical propeiriesmparison with
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other forms of PLLA, such as cast films [8]. HowevEBLA has major drawbacks such as low cell adimediae to its
hydrophobic property and inflammatory reactionssealby lactic acid degradation product [9]. Themfthe incorporation
of ceramic particles into PLA is highly regardedingprove cell adhesion, mechanical properties,azsteductivity, and
buffer the localized PH decrease due to the detoadaf PLA[10].

Calcium phosphate ceramics such as hydroxyapdiite Cao (POy)s(OH),) and tricalcium phosphate (TCP,
Ca(PQy),) are one of the major class of biomaterials fanébcepair which are similar to the mineral compargmatural
bone. Although these ceramics have good osteoctiaity@and bone bonding ability, they are brittiedadifficult to process
[6, 11]. Polymer/ceramic composite scaffolds hagerbdeveloped to combine the osteoconductivityattfiem phosphate
ceramics and biodegradability of polyesters throngimerous fabrication techniques such as electmosm [12], gas

foaming [13], freeze drying[14], solvent castinglgrarticle leaching [15] and thermally induced ghasparation[16].

PLA/ceramics composites can be tailored to medbuarbone tissue engineering application requirémeélrhe
aim of this paper is to investigate the mechanicaperties and bioactivity of PLA/calcium phospheggamics composite
scaffold such as PLA/HA and PLA/TCP produced byaf@ementioned methods.

PLA/CALCIUM PHOSPHATE CERAMICS COMPOSITE SCAFFOLDS

The ability to co-spin PLA with HA offers the chando produce fibrous PLA/HA composite scaffold by
electrospinning with high surface area and inteneated channels appropriate for bone tissue enggeapplications. For
instance, Jeong et al. developed PLA/HA scaffolilk high pore volume and interconnective pores. ddraposite scaffold
containing 20 wt% HA had the highest tensile sttbrig.71 MPa). Moreovein vitro cell culture study demonstrated that
the novel composites are efficacious scaffoldsergrowth of pre-osteoblasts [17]. Deng et alortgal that the presence of
HA particles in PLLA/HA hybrid electrospun scaffsldestrained inflammation from the acid releaseabtpcatalytical
acceleration of PLLA. However, the degradation re&s decreased significantly in comparison witht fidd_A since the
dissolving of HA particles blocked off the entrywhter into the scaffold[12]. Electrospun composibers composed of
PLLA-grafted hydroxyapatite (PLLA-g-HA) nanopargés and PLA matrix also demonstrated an improvement
mechanical properties. The increment of PLA-g-HAtemt in the scaffold increased the in vitro degtamh rate due to the
improved wettability of the composite fibers ané #scape of the nanoparticles from the fiber sarthaing incubation
[18].

McCullen et al. showed that the addition(BfTCP into electrospun PLA composite scaffolds desee tensile
strength from 847 kPa to an average of 350 kPa.edewy the scaffolds containing 10 wfsTCP induced the highest
proliferation of hASC cells, and PLA/20 wt®-TCP showed an enhanced osteogenic differentiatioth increased
cell-mediated mineralization in comparison withg@®LA scaffolds [19].Dinarvand et al. coated elespun PLA scaffolds
with HA, bioactive glass (BG) and TCP and studieel bone formation induced by these scaffotdgvo in a rat model.
Histological and digital mammography experimentsaosively showed that PLLA/HA-BG scaffolds induced
considerably higher level of reconstruction comgdanéth that observed in defects treated with PLLBP. Moreover,
PLLA/HA-BG scaffolds synergistically improved boregeneration higher than that observed for PLLA&G@E PLLA/HA
[20]. To enhance the interaction between filler gudymeric matrix, Kasuga et al. modified the soefaof calcium
metaphosphate fiber with NaOH, which resulted i ittcrement in modulus of elasticity up to 5 Ghailsir to that of

natural bone [21]. Habibovic et al. coated calciametaphosphate scaffold with PLA rather than addiatcium
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metaphosphate particles to the polymer base. Afthdlie compressive strength increased from 1.58tPa, the polymer
coating decreased the osteoconductivity of thefaichf22]

Amorphous calcium phosphate (ACP) is another tyjpsatrium phosphate candidate for PLA/calcium plnade
composites. ACP has attracted increasing attebgoause of its solubility and great demineralizatibility. ACP is highly
regarded as the metastable precursor phase foequirst formation of calcium phosphate in biologmaanisms which
plays an important role in the process of tissuremalization[23]. According to Zhang et al. the drworation of ACP
nanospheres and HA nanorods in nanofibers PLA etitensile strength from 1.6 MPa to 1 and 0.9 M&smqectively. The
in vitro mineralization in simulated body fluid (SBF) showidorable mineralization behaviors. Moreover, the/ivo
biocompatibility assessment showed that the coflagenstituent in bone defect treated with PLA/AGRI @2LA HA
composite nanofibers were more obvious compareld pitre PLA [24]. According to Ma et al. the incrathén ACP
content leads to the acceleration of mineralizaiddnPDLLA/ACP composite nanofibers. Further, thehesion and
spreading behavior of MG63 cells on the surfadl@itomposite nanofibers occurred at the beginairtige cell/composite
interaction, which is an important factor that afféhe further proliferation and differentiation thie cells[25]. PLLA/ACP
electrospun composites incorporated with the bfilsioblast growth factor could successfully resugfahe defect with

cartilage and restore the subchondral bone in tafddel [26].

3D resorbable scaffolds with high porosities canfddericated by thermally induced phase separatidP )
method to produce controlled microstructures afada for tissues. According to Ma et al. PLLA/H®dmposite scaffolds
prepared by TIPS method possess higher osteohiasta rate, more uniform cell distribution ancbgrth, improved new
tissue formation, enhanced bone specific gene sgjue, and superior mechanical properties compaiédneat PLLA
scaffolds [27]. Wei et al. revealed that PLLA/HAeposite scaffolds produced by TIPS possess highsiigr above 90%)
which can beeasily adjusted by varying phase s@parparameters such as polymer concentration,melfraction of the
secondary phase, quenching temperature and salsewt In addition, HA particles in PLA greatly enbad protein
adsorption which is of the importance in evalua@ngcaffold for tissue engineering since cell adimeand survival can be
modulated by protein pre-adsorption on the sulfBhtThe scaffolds obtained by Nejati et al vi®@$l method exhibited
compressive strength as high as 8.67 MPa with 8&84sjty which is comparable to the high end of caespive strength of

cancellous bone [28].

One of the oldest methods to fabricate scaffoldb welatively high porosity and interconnectivitashbeen by
solvent casting and particle leaching techniquen@asite scaffolds of PLA and HA prepared by thighnd demonstrated
a porosity of 86% and improved compression streagthmodulus of elasticity up to 0.44 MPa and 9RBalrespectively
[29].

Calcium phosphate glasses are also well suiteddoe repair because they have a chemical composiise to
that of the mineral bone and their degradation banadjusted by modifying their chemical formulatigdherefore,
PLA/calcium phosphate glass composites are aldadyhizpnsidered for bone tissue engineering. PLAloah phosphate
glass composites fabricated by solvent castingpanmticle leaching technique exhibited an intercatee structure with a
porosity as high as 97% and an enhanced surfaghmess in comparison with neat PLA matrix. The ipoocation of
calcium phosphate glass in PLA improved the congivesmodulus from 74.5 to 120 kPa and enhancedviadility.In

addition, glass particles induced the formatioma @@lcium phosphate precipitate which facilitates interaction between
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the material and bone tissue. Cell culture evadnatidicated that the MG63 cells seeded in pure Bhdwed a very flat and
extended morphology, while the cells seeded in hosigfaces demonstrated a more rounded or cubstidgle with long
cytoplasmic extensions [30, 31].In order to invgetie the influence of solvent in the preparatiothme on the properties of
scaffolds, solvent casting and salt leaching arabefseparated scaffolds of PLA/calcium phosphatesghere prepared and
characterized by Charles-Harris et al. The poraasity stiffness of solvent cast composite scaffada®5% and 0.19 MPa,
respectively, while those of phase-separated ddaffoere 90% and 7.1 MPa, respectively. The MGEB adtures
performed during 21 days indicated that the phapessited scaffolds induced less proliferation dyfirst week of culture;
however, from then on the proliferation levels weimilar for both scaffolds. In addition, MG63 eelh the solvent cast
scaffolds tended to spread towards their interigitexthe cells in phase-separated scaffolds tetmlezinain on their surface
and form a thick layer there. Hence, the solvest saaffolds were easily colonized by the cellsoluhwere distributed in the
pores of scaffold and produced extracellular matside the scaffolds. The level of Alkaline phoafase activity of solvent
cast scaffolds reached its maximum at day 14 vithdeof phase-separated scaffolds attained itsrmaxi at day 7, and then
decreased. Therefore, the phase-separated scaftstisaned more and earlier cell differentiaticartthe solvent cast ones.
[32].

Emulsion freeze-drying technique is another metiod@dbricate PLA scaffolds with porosity higher th@0% and
a pore size ranging from 20 to 200 um [33]. Accogdio Haimi et al. the culture of human adiposenstells (ASCs) on
freeze-dried PLA3-TCP scaffolds produced higher DNA content and lalkaphosphatase activity relative to pure PLA
scaffold [34]. A study on PLAR-TCP containing different filler ratios and prepdrey freeze-drying displayed that the
amount of filler did not affect the pore distrilarior pore size in the scaffolds. Moreover, af@meks of hydrolysia
vitro, all samples lost only 5% of their weight. Duripgeparation of the composite scaffopig,CP was allowed to be
dispersed only at the bottom of the scaffolds, Wwhicay encourage the growth of bone cells on theusbottom
surfacewhile may inhibit the ingrowth of osteoblastl encourage the ingrowth of chondrocytes onléimse surface skin of
the scaffold[35].Cao et al. reported that that Zeedried composite scaffolds containing 30 wt% &dGdwt% 3-TCP
demonstrated enhanced ingrowth of new bone, andinaithr biological performance in terms of ostengss. However,
the scaffold containing 50 wt% filler content wé®wn to be very brittle that cannot be used in brepair [36].

Supercritical gas foaming is a solvent-free falititemethod to produce scaffolds with controlledhétecture and
properties suitable for bone tissue regeneratiguicgiions. Mathieu et al. prepared PLA/HA and PRAICP scaffolds
using supercritical gas foaming method to mimiaratbone structurewith a porosity of about 80%e Fbaffolds showed
anisotropy in the morphology, which making longinal modulus up to 1.5 times greater than trangven®dulus.
Biocompatibility studies demonstrated that the fatd$ supported cell growth, proliferation and dintiation of human
primary osteoblast cells [37]. Montjovent et akded human fetal and adult bone cells on the coitepesaffolds prepared
by gas foaming method. After 4 weeks of cultureyas found that fetal cells penetrated inside tadfslds better than did
adult cells. In addition, the composites inducddgier enzymatic activity level in comparison wittire PLA [38]. Using
supercritical gas foaming method, porous scaffaiselol on PLA reinforced with 5 wiBsTCP was obtained. The porosity
and elastic modulus of PLB/TCP were 83% and 121 MPa, respectively, whileghafpure PLA scaffold obtained by gas
foaming method were 83% and 50 MPa, respectivalyn&h fetal and adult bone cells were seeded ascféolds and both

foams supported adhesion, intenseproliferationdiffierentiation of seeded cells vitro. The addition of3-TCP resulted in
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higher ALP activity for fetal bone cells and a siger production of Gla-osteocalcin for adult boaksc Thein vivo behavior
of PLA/B-TCP foams in combination with human fetal cellsahmodel indicated that the degradation rate eoapled to

the rate of tissue regeneration which led to ecsiral integrity of the constructs [39].

Table I: PLA/HA Composites for Bone Tissue Engineéng

Modulus Strength

Method HA Content (MPa) (MPa) Cell Type | Ref
Electrospinning 10 wt% MG63 [12]
Electrospinning 5, 20 wt% 1.8-4.71 0.157-0.262 MGHL | [17]
Electrospinning 118 2.86 MG63 [40]
Electrospinning 0.25,0.5 wt? 0.52- 0.6b 1929, [41]

e ' I MC3T3-E1

Thermally
Induced Phase 10-30wt% 0.3-0.63 [42
Separation
Thermally
Induced Phase 10-70 wt% 6.1-11 0.22-0.4 [43]
Separation
Thermally
Induced Phase 50 wt% 10.87 0.39 MC3T3-E1 [27]
Separation
Thermally
Induced Phase 10-70 wt% 4.3-8.3 [6]
Separation
Thermally
Induced Phase 50 wt% 14.9 8.67 MSCs [29]
Separation
Solvent Casting
and Particle 10-50 wt% 4.72-9.87 0.29-0.44 [29]
Leaching
Super.crmcal Gas 5 Wi% 50-200 25.6 [37]
Foaming
Super_crltlcal Gas 5 Widh 133.2 hEOB [38]
Foaming
Supercritical Gas o 0.081-
Foaming 10-50 wt% 0.122 [44]
Supercritical Gas| 5 4 105 0.852-1.014 [45]
Foaming
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Table II: PLA/ TCP Composites for Bone Tissue Engieering

Modulus Strength

Method TCP Content (MPa) (MPa) Cell Type Ref

Electrospinning 5,10,20 wt% 4.526-8.509  0.269-0.447 hASC [19]
I 50 wt%
Electrospinning (ACP) 1 MG63 [24]
I 50 wt% o
Electrospinning (ACP) in vivo [26]
Freeze Drying 10,20 wt% ASCs [34]
Freeze Drying 10,30,50 wt% 1.2-2.1 invivo [36]
Solvent Casting o
and Particle 40 wt% 0.075-0.12 0.175-0.201 SAOS-2 [30, 31]
; (Gass) MG63
Leaching
Solvent Casting o
and Particle 50 wt% 0.19 MG63 | [32]
; (Glass)

Leaching
Solvent Casting
and Particle 10-40 wt% 0.3-0.8 MG63 [46]
Leaching
Solvent Casting
and Particle 50 wt% MG63 [47]
Leaching
Solvent Casting
and Particle 20-50 wt% 0.057-0.207 [48]
Leaching
Supercritical 5 Wt% 121 hFOB | [38, 39
Gas Foaming

Table I and Il demonstrate the influence of différgpes of composite manufacturing methods andtheunt of
HA andTCP content on mechanical properties of Pbfposite scaffolds discussed above. The strengthénfluence of
HA and TCP in PLA polymeric matrix can be explaifidthe fact that the PLA matrix is a load transfexdium; therefore,
it transfers the load to the intrinsically rigid Héd TCP ceramics. However, it has to be mentidnatthe addition of HA
and TCP can lead to the decreases in tensile #fref@®LA matrix due to the brittleness of the ecei@particles [36, 49].
Another issue is the amount of incorporated fillethe polymeric matrix. Indeed, when the fillem¢ent is low, the PLA
matrix is continuous, which ensures suitable iaigigl bonding with HA or TCP and thus leads to ¢éimhancement in
mechanical strength. In composites with higheeffitontent, however, the amount of PLA matrix sunding the filler
particle is lower. This results in poor integrititbe composite and subsequently, leads to therlaveehanical properties in
comparison with cancellous bone[50]. Accordinghe tables, although many of the synthesized corgmsixhibit poor
mechanical properties, most of them show apprapiatitro bioactivity. It has to be mentioned tttad fabrication methods

and its parameters, grade of polymer and filler ensely affect the mechanical properties of obtaswdposite [51].
CONCLUSIONS

PLA/calcium phosphate ceramic materials have addamuch interest for bone tissue engineering egfidins.
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The bioactivity, mechanical properties, degradgbdind architecture of the composite scaffoldsimsendepend on the
fabrication techniques, the interfacial interactlmatween fillers and matrix and properties and eotst of raw materials.
Generally, the mechanical properties of these sltsfare worse than those of cancellous human libaesfore, they are
unable to provide minimal mechanical support. Mafiythese composite scaffolds, however, have beewrsto be
bioactive using different tests from soaking in SfBFough to in vivo implantation. It has been shawat PLA/calcium
phosphate ceramic composites can be tailored to vaeeus bone tissue engineering requirements.d¥ew a number of
issues such as mechanical strength, long-term datwa and inflammatory responses have to be ingaotder wider

application of PLA/calcium phosphate ceramic contpgsscaffolds in bone tissue engineering.
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