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1. Experimental procedure 

1.1 Chemicals 

PLLA and proteinase K were purchased from Polysciences Inc. (Warrington, PA) 

and Roche Diagnosis (Mannheim, Germany), respectively. PCL was obtained form Wako 

(Japan), and lipase from Pseudomonas sp. was purchased from Aldrich-Sigma. The 

number-average molecular weight (Mn) and polydispersity (Mw/Mn) of the PLLA and PCL 

was determined by gel permeation chromatography (GPC) at 40 °C, using a Shimazu 10A 

GPC system and a 6A refractive index detector with two joint columns of Shodex K-80M and 

K-802.  Chloroform was used as eluent. Polystyrene standards of low polydispersity were 

used for the calibration of molecular weight. The Mn and Mw/Mn of PLLA were 420 kDa and 

1.7, whereas those for PCL were 130 kDa and 1.4, respectively. The PHB was microbially 

synthesized, and the Mn and Mw/Mn were 240 kDa and 2.1, respectively. 

 

1.2 Preparation of amorphous PLLA thin films 

The PLLA was dissolved in chloroform (1.5 wt%), and spin-cast on either Si 

substrate for AFM or QCM oscillator at 3000rpm. The cast thin film of 200 nm in thickness 

was melt at 220 ˚C, and quenched immediately at 0 ˚C, resulting in the smooth amorphous 

PLLA thin films.S1 The 100 nm thick PCL and PHB thin films were also spin-cast on Si 

substrate from the 1.0 wt% chloroform solution. The PCL thin film was melt at 100 ˚C, 

whereas the PHB thin film was melt at 180˚C. Then, both thin films were crystallized at room 

temperature (25 ˚C) for 1 week. After the above procedure, the thin films never peeled off 

from the substrates during the washing process using Milli Q water. 

 

1.3 UV-ozone treatment and enzymatic lithography 

The amorphous PLLA and PCL thin films were treated with UV-Ozone Cleaner 

(UV253, Filgen) for 30 min. For the enzymatic lithography, TEM grids (Fine mesh: hole size 

43 µm, bar size 20 µm, Nisshin EM, Japan; Thin bar grid: hole size 7.5 µm, bar size 5 µm, 

Gilder, UK; hexagonal grid: hole size 30 µm, bar size 33 µm, VECO, The Netherland) or 

assembled colloidal nanoparticles (size: 500 nm, Polysciences Inc.) were placed on the PLLA 

film during the UV-ozone treatment. For the UV irradiation, the oxygen supply was just 

stopped to reduce the amount of ozone production. After the surface modification, enzymatic 

degradation was carried out for 5-30 min. 

 The colloidal monolayer composed of polystyrene spheres with 500 nm in diameter 

was prepared via self-assembly on a cleaned glass substrate (24 24 mm2), and slowly dipped 

into water.S2 Then, it was peeled off from the glass substrate and floated on the water surface. 
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The colloidal monolayer was picked up by the PLLA thin films on a Si support, and gently 

dried in air. After the UV-ozone treatment, the PS layer was removed by sonication. Then, 

enzymatic degradation was carried out. 

 

1.4 Enzymatic degradation 

 Enzymatic degradation was performed for PLLA, PCL and PHB, which can be 

degraded by proteinase K (1 mg mL-1), lipase (1 mg mL-1), and PHB depolymerase (1 µg 

mL-1), respectively. The PHB depolymerase was expressed according to the previous 

method,S3 and purified from the soluble fraction of recombinant SHuffle express E. coli using 

HiTrap TALON crude (GE Healthcare) along the supplier’s instructions. The purified enzyme 

was dialyzed against 10 mM phosphate buffer (pH 7.0), concentrated and stored at -30 ˚C. 

 

1.5 QCM Measurements 

Enzymatic degradation rate of PLLA thin films was measured by QCM (QCA-917, 

Seiko EG&G) at 25 ˚C controlled by circulating water. A polished 9 MHz AT-cut quartz 

crystal coated by Au (area: 0.189 cm2) was used as the QCM sensor. A frequency shift of 1 

Hz is corresponding to the mass change of 1 ng on the Au electrode (0.189 cm2), according to 

the Sauerbrey’s equation.S4 The enzymatic reaction was started by replacing the 50 mM 

Tris-HCl buffer (pH 8.5) to proteinase K (1mg mL-1). The resonance frequency and the 

admittance were monitored simultaneously to evaluate the influence of friction change. 

 

1.6 AFM Observations 

Surface morphologies of PLLA thin films were visualized by a dynamic force 

(tapping) mode AFM (SPI4000/SPA400, SII Nanotechnology Inc., Japan) with PZT FS-20N 

and PZT FS-150N scanners. For the AFM observations in air (25 °C), two types of silicon 

cantilevers were used such as OMCL-AC240TS-W2 (Olympus, Japan) and SI-DF20 (SII 

Nanotechnology, Japan).  Simultaneous registration was performed for height and phase 

images. 

 

1.7 Contact angle measurement 

The static contact angle was measured by using the Drop Master 400AK contact 

angle meter (Kyowa Interface Science, Japan). A 1µL of Milli Q water was dropped onto the 

pristine and UV-ozone treated PLLA surface, and the contact angle was measured at an 

ambient condition (25 °C). 
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2. Additional data 

2.1 Effect of UV-ozone exposure time on the enzymatic degradation rate 

 The vertical erosion rate of the PLLA thin film treated with UV-ozone for 15 min 

was also measured by using AFM in order to examine the effect of UV-ozone exposure time 

on the enzymatic degradation rate. The vertical erosion rate was ca. 6.3 nm min-1. As shown 

in the text, the erosion rate of the pristine PLLA thin film was ca. 10.0 nm min-1, whereas that 

of UV-ozone treated thin film for 30 min was ca. 5.2 nm min-1. Note that longer UV-exposure 

time than 60 min strongly damaged the PLLA thin film possibly due to the photodegradation 

of the polymer chains (UV effect overcomes the UV-ozone treatment). These results indicate 

that there is an optimal UV-ozone treatment time for the retardation of enzymatic degradation 

rate. Although the UV-ozone treatment is active even for 15 min, the degradation rate was 

only retarded to be the 60% of pristine PLLA. Then, we fixed the treatment time of 30 min 

for the effective surface modification of the PLLA thin films in the present study. 

 

2.2 Contact angle 

 The averaged contact angle against Milli Q water was measured on PLLA thin films 

before and after the UV-ozone treatment, and revealed that the UV-ozone treated PLLA 

surface was more hydrophilic than that of pristine one, as shown in Fig. S1.  

 

 

Fig. S1 Averaged contact angle of pristine and UV-ozone treated PLLA thin films. 

 

2.3 Pattern formation after the UV-ozone treatment and enzymatic degradation 

 In addition to the Figs. 2(B) and 2(C), the UV-ozone treatment and UV irradiation 

could be used for the fabrication of different micro-patterns, which were dependent on the 

mask shape, as shown in Fig. S2. Various patterns could be formed on the basis of the 

UV-ozone treatment/UV irradiation. 
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Fig. S2 AFM images of UV-ozone treated (A,C) or UV irradiated (B,D) PLLA thin films 

after the enzymatic degradation by proteinase K. 

 

2.4 Effect of UV-ozone treatment on the enzymatic degradation of PCL and PHB 

 To reveal the versatility of a UV-ozone treatment, representative biodegradable 

polyesters of PCL and PHB were selected for the further experiments. Both materials were 

treated by the UV-zone, and enzymatic degradation behavior was compared to the pristine 

ones. Fig. S3 shows the time-dependent frequency change during the enzymatic degradation 

of the PCL and PHB thin films on a QCM sensor. In both cases, the degradation was retarded 

at ca. 50 %, suggesting that the UV-ozone treatment can also be applied for both polyesters. 

 

 

Fig. S3 Time course of enzymatic degradation in PCL (A) and PHB (B) thin films by lipase 

and PHB depolymerase, respectively. Blue and red curves indicate the pristine and UV-ozone 

treated materials, respectively. 
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2.5 Enzymatic lithography of PCL 

 In the case of PCL, the erosion depth during the enzymatic degradation by lipase 

was also checked, as shown in Fig. S4(A). The erosion rate was strongly retarded, as similar 

to the QCM results. Then, the UV-ozone treatment/UV irradiation was applied to the PCL thin 

films, and the optical micrographs and AFM images are shown in Figs. S4(B-E). The erosion 

pattern was opposite in comparison to the UV-ozone treated samples, as similar to the PLLA 

case. 

 

 

Fig. S4 Time-dependent erosion depth of PCL during the enzymatic degradation by lipase (A). 

The depth was measured by using AFM. Optical micrographs and AFM images of the 

UV-ozone treated (B,D) and UV irradiated PCL thin films (C,E). The graphs next to the AFM 

images are cross sectional data that the green lined region. 

 

 

 

 

References 

S1. Y. Kikkawa, H. Abe, T. Iwata, Y. Inoue, and Y. Doi, Biomacromolecules, 2002, 3, 350 

S2. M. Retsch, Z. Zhou, S. Rivera, M. Kappl, X. S. Zhao, U. Jonas, and Q. Li, Macromol. 

Chem. Phys., 2009, 210, 230. 

S3. T. Liu Tzea, T. Hiraishi, K. Sudesh, and M. Maeda, Appl. Microbiol. Biotechnol., 2012, 

in press. 

S4. K. Yamashita, Y. Kikkawa, K. Kurokawa, and Doi, Y., Biomacromolecules, 2005, 6, 850. 

Electronic Supplementary Material (ESI) for Journal of Materials Chemistry A
This journal is © The Royal Society of Chemistry 2013



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /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 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /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 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /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.)
  >>
  /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 [612.000 792.000]
>> setpagedevice


