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Biodegradable porous materials called scaffold have been

used for cell culture in tissue engineering. Poly(L-lactide)

(PLLA) and poly(e-caprolactone) (PCL), typical biode-

gradable polymers, have been considered as the candidates

for polymeric scaffolds [1–7]. These scaffolds should have

proper mechanical properties comparative to target tissues

to be regenerated. For example, scaffolds for bone tissue

may need to have much higher mechanical properties than

for softer tissues. However, such polymeric scaffolds have

much lower mechanical properties than bone tissue, and

may easily be collapsed when implanted into damaged part

of bone tissue. In this study, therefore, layered structure

was introduced to improve the mechanical properties of

porous PLLA scaffold. In this newly developed structure, a

porous core region is surrounded by a solid layer that

works as load bearing structure. This kind of layered

structure is very similar to the bone structure in which

porous cancellous bone is surrounded by cortical bone.

Porous structure of PLLA was fabricated by the solid–

liquid phase separation and freeze-drying methods [6, 8].

In the first process, PLLA pellets were dissolved in

1,4-dioxane to make 3 and 7 wt% solutions. These solu-

tions were then filled into a test tube in which a PLLA film

with a thickness of 250 lm was inserted. The PLLA

dioxane solutions in test tubes were cooled from the bottom

surfaces at a constant rate by using liquid nitrogen to

induce solid–liquid phase separation. The phase-separated

samples were then dried under vacuum at -5 �C for about

1 week to remove the solvent completely. Cylindrical

samples were obtained and then trimmed to be a cylinder

with 8.5 mm diameter and 11 mm length. For each of the

samples, the diameter and length were measured at three

different positions and averaged values were then used to

estimate the volume of the cylinder. The density of the

sample was evaluated from the volume and weight.

Porosity (volume fraction of pores) of the scaffold was then

estimated from the densities of PLLA solid and the scaf-

fold. Compression tests of the scaffolds were performed

using a conventional mechanical testing machine at a

loading rate of 1 mm/min. Five specimens were tested for

each of the samples. Elastic moduli were then estimated

from the initial slope of the stress–strain curves. Com-

pressive strength values were also evaluated at the critical

points where the stress–strain curves reached the first

inflection points that corresponded to the end of elastic

deformation behavior. A field-emission scanning electron

microscope (FE-SEM) was also used to observe the

microstructures of the porous samples and the deformation

behavior of the porous samples at the critical point.

FE-SEM microphotographs of the mono- and layered-

structural scaffolds made from 3 wt% solution are shown

in Fig. 1. The mono-structure shows homogeneous distri-

bution of pores with larger holes that are produced by

solvent exhaust. It is seen that the solid layer is firmly

connected to the porous core region. For the 3 wt% scaf-

folds, the range of pore size is about 10–100 lm, and for

the 7 wt%, the range is 10–55lm. The size of solvent

exhaust hole is 90–120 lm. The porosity values of the

scaffolds are shown in Fig. 2. The porosities tend to

decrease with increase of PLLA concentration. The

porosities of both mono-scaffolds are much higher than
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those of the layered scaffolds as a result of the higher

density of the solid layer.

Typical stress–strain curves of the PLLA scaffolds

under compression are shown in Fig. 3. All of the stress–

strain relations exhibited initial linear parts recognized as

elastic deformation region. The critical point can be

understood as the end of the linear elastic deformation

region and also the onset of irreversible nonlinear

deformation mode such as buckling as shown in Fig. 5.

After the linear elastic deformation, the stress–strain curves

showed constant or decreasing stress corresponding to the

onset and growth of the buckling deformations. The com-

pressive mechanical properties are shown in Fig. 4. The

elastic moduli of the 3 and 7 wt% layered scaffolds are two

and three times larger than those of the mono-scaffolds,

respectively. On the other hand, the compressive strength

values of the 3 and 7 wt% layered scaffolds are two and

nine times larger than those of the mono-scaffolds,

respectively. It is thus clearly seen that both the elastic

modulus and strength are effectively improved by the

Fig. 1 Porous microstructures of PLLA scaffolds. a Mono-structure.

b Layered-structure

Fig. 2 Porosity values of PLLA scaffolds

Fig. 3 Typical stress–strain curves of PLLA scaffolds under com-

pression

Fig. 4 Compressive mechanical properties. a Elastic modulus.

b Compressive strength
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layered structure. The one-way ANOVA test was con-

ducted as a statistic analysis and the significance level, P,

were calculated. For the mean modulus and strength, the P

values were P \ 0.0004 and P \ 0.0002, respectively. It is

therefore concluded that the experimental data are valid to

discuss the effect of layered structure on these mechanical

properties. FE-SEM micrographs of deformed 7 wt%

scaffolds at the critical points are shown in Fig. 5. These

micrographs show longitudinal cross-sectional views of the

specimens. The deformation of the mono-scaffold is

characterized by localized buckling of the walls of cell

structures. The deformation mechanism of the layered

structure is buckling of the solid outer layer, resulting in

the much higher compressive strength than the mono-

scaffolds as shown in Fig. 4b.

In summary, layered structure was successfully intro-

duced to improve the compressive mechanical properties of

biodegradable PLLA scaffolds. The layered scaffold con-

sists of a porous core region and a solid outer layer. The

porosity of scaffold tends to decrease by the layered

structure, while the compressive modulus and strength are

greatly improved due to the load bearing function of the

solid outer layer. At the critical point of compressive

deformation process, the deformation of the layered scaf-

fold is characterized by buckling of the solid outer layer,

while the mono-scaffold exhibits localized buckling

deformation of the cell walls. It is thus concluded that the

mechanical properties of PLLA scaffolds can be controlled

by changing the thickness of the solid outer layer in order

to satisfy the desired properties that may be compatible to

the target tissues to be regenerated.
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Fig. 5 Deformation behaviors of 7 wt% PLLA scaffolds at critical

points. a Mono-structure. b Layered-structure

3968 J Mater Sci (2010) 45:3966–3968

123

http://dx.doi.org/10.1007/s10853-008-2881-x

	Development of layered porous poly(l-lactide) for bone regeneration
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


