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국문 록

생체 합성을 지닌

비흡수성 바이오셀룰로오스 차단막

생활수 향상에 따른 임 란트 (Implant)시술 환자의 증가로,구강 내 매식 재료 개

발에 한 수요가 격히 증가하고 있는 실정이다.임 란트 시술 시 구강 내 소실된

골의 재생 시술 방법으로는 주로 골 이식재 (Bonegraftingmaterials)와 차단막

(Barriermembrane)을 이용한 골유도재생술 (GuidedBoneRegeneration,GBR)이 시

행되고 있다.골유도재생술은 임 란트 식립이 요구되는 골 결손 부 에 골 이식재를

식립한 후 차단막을 덮어 가 자라도록 유도해 주는 시술로써 임 란트 이식 성공률

을 결정하게 된다.따라서,임 란트 시술 시 필수 으로 요구되는 매식재료 하나인

차단막은 골 결손부 에 이식된 골 이식재의 이동을 억제하고 불필요한 연조직 세포의

증식은 배제하며 골 재생에 필요한 세포를 선택 으로 근시킴으로써 골 결손부 의

골 재생과 골 침착을 돕는 지지체 역할을 한다.

치과의료용 차단막은 분해되는 특성에 따라 흡수성과 비흡수성 차단막으로 구분되어

진다.흡수성 차단막은 골 결손부 에 이식 후 자연 으로 구강 내에서 생분해됨으로

써 차단막 제거를 한 2차 수술이 필요 없다는 과 조작이 비교 용이하다는 장

을 가지고 있는 반면,비흡수성 차단막에 비하여 견고성이 낮아 공간 유지력이 하

오다혜

지도교수 :김수

조선 학교 치의생명공학과 석사과정
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되거나 결손부의 외형이 좋지 않고 골 이식재 등의 도움이 없다면 조직 재생의 양이

제한될 수 있다는 한계 을 가지고 있다. 한 구강 내 이식 후 빠른 생분해는 완 한

골 회복이 어려울 가능성이 존재하고 간 부산물이 국소 인 조직반응을 일으킬 수

있다는 한계 을 지닌다.한편 비흡수성 차단막은 흡수가 되지 않음으로써 충분한 조

직 재생을 유도하지만 차단막을 제거하는 2차 수술이 필요하다는 단 을 지닌다.비흡

수성 차단막은 골 회복까지 완벽히 제 기능을 수행하여 임상 후가 좋다는 측면으

로 인해 임상에서 선호하는 차단막 종류이다.그러나 비흡수성 차단막은 합성공정이

매우 복잡한 고가의 고어텍스 제품소재로,임 란트 이식이 필요한 환자에게 치과치료

비용 상승 원인으로 작용한다는 한계 을 지닌다.

따라서 본 연구에서는 비흡수성 차단막으로써 사용되고 있는 고가의 고어텍스 소재

의 치과의료용 차단막을 체하기 하여 우수한 생체 합성,조직 합성,세포차단능,

공간유지능,우수한 양분 달능,다공성 임상 조작 용이성 등과 더불어 제조공

정 단순화 량생산이 가능한 천연소재 기반 경제 인 치과의료용 차단막을 개발하

고자 한다.이를 하여 본 연구에서는 단순한 공정과정으로 경제 량생산이 용이

하고,나노 섬유로 구성된 3차원 망상 구조를 형성함으로써 다공성을 확보하고,치과

의료용 매식재료로써 우수한 물리 ·화학 특성 생물학 안 성을 지녀 식품,화

장품 의약품 산업의 신소재로 각 받고 있는 미생물 바이오셀룰로오스 (Microbial

cellulose)를 기반으로 치과의료용 비흡수성 차단막 제조 기술을 개발하 다. 한 개발

된 미생물 바이오셀룰로오스 기반 치과의료용 비흡수성 차단막을 한국식품의약품 안

처 (Ministry ofFood and Drug Safety)와 한국식품의약품 안 평가원 (National

InstituteofFoodandDrugSafetyEvaluation)에서 제공한 의료기기 평가가이드라인

에 따라 치과의료용 매식재료로써 요구되는 생물학 안 성,골 유도능 물리 ·화

학 특성분석을 시행하 고, 본 연구를 통하여 바이오셀룰로오스 합성균주인

Gluconacetobacterxylinus로부터 합성된 바이오셀룰로오스를 기반으로 제조된 치과의

료용 바이셀룰로오스차단막은 치과의료용 차단막으로써 요구되는 우수한 생체 합성,

조직 합성,외부세포차단능, 양분의 달력 장기간 공간확보능과 임상 조작 용

이성 등을 확보하고 있음을 확인하 다. 한 미생물로부터 간단한 공정과정을 통한

경제 인 량생산 가능성을 제시함에 따라 향후 치과의료용 비흡수성 차단막으로써

구강 내 임 란트 이식이 요구되는 환자들의 치과치료 비용을 완화시킬 수 있는 경제

인 구강 내 매식재료로써 활용이 가능하리라 사료된다.
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Ⅰ.Introduction

According toimprovementofliving standards,thereareincreasing thesocial

interestformaintainingthehealthylivingincludingoralhealth.Furthermore,asthe

rapidlyenteringintoagingsociety,patientswithoraldiseasehavebeingincreased

annuallyinelderlypopulation.Therefore,themarketofdentalimplantmaterialshas

notonlybeingexpendedrapidlyinbothdomesticandinternational,butalsobeing

demanded for the development of new medical implanting materials with

compatibilityandeffectiveness[1].However,becausepatientswhorequiredimplant

placementatoralcavityhaveusuallytheinadequatequalityandinsufficientresidual

quantity ofboneattherecipientsite,theboneregenerationofrecipientsiteis

neededbeforeimplantplacement.

Guided Bone Regeneration (GBR), representatively well established clinical

technique,hasbeingperformedfrequentlyforpatienttorequiretheenhancementof

qualityandquantityofboneattherecipientsite[2].IntheGBRtechnique,barrier

membranehasbeenusedtoreducethemicro-mobilityoftheparticulargrafting

materials,butalsoprovideproperspaceforboneregenerationatrecipientsitewhich

havetheinsufficientbonevolumeandquality[3,4].Therefore,thebarriermembrane

withbonegraftingmaterialshavebeingusedinGBRtopromotebonehealingand

createofnew boneformation,atrecipientsite[5].

Numerousstudieshavebeingreportedabouttheimportanceofbarriermembrane,

usedinGBR [6].Functionsofbarriermembranearethatprotectingadjacentsoft

tissuesfrom cellstoimpedeboneformationandimprovingthemechanicalstability

ofbonegraftingmaterials[7,8].Therefore,astheprerequisitesofbarriermembrane,

itisneededtosatisfythefollowinggeneralrequirements:highbiocompatibility;a

high flexibility;adequatemechanicalstrengthtomaintainthefunctionofbarrier

membrane;suitableadhesivenesscharacteristic to preventthe movementofthe
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membraneatbetweenthemembraneandsurroundingbonetissues[9,10].

Also,thebarriermembraneisclassifiedbyeitherresorbableornon-resorbable

membrane.Resorbable barrier membrane has the advantage that relieves the

psychologicalandfinancialloadofpatientsbyavoidingadditionalsurgery.However,

duetoitslow rigidity,itisapoortomaintainthespaceandthenisbiodegraded

ataratemorerapidthantherequiredlevel[1].Whereas,non-resorbablebarrier

membraneisa non-degradablematerials.Butithasthedisadvantagesthatis

required additionalsurgery to remove membrane from the alveolarbone [11].

Despiteofnon-absorbablebarriermembranewithdisadvantages,ithasbeenused

extensivelyindentalsurgerybecausemaintainingaspaceforboneformationand

introducingtheunderlyingtissuesregeneration[12].Non-resorbablemembranesare

mainly classified intoexpanded polytetrafluoroethylene(e-PTFE)orhigh-density

polytetrafluroethylene (d-PTFE) [13].However,these are resin-based polymer

(Gore-tex)and arecomplex and costly tomanufacture.Therefore,to overcome

theselimitationsofcurrentnon-resorbablebarriermembrane,itisneededtodevelop

thesimplemanufacturing processusing economicnaturalmaterials.In theGBR

technique,afurtherimprovementcanbeachievedbyusingabioactivemembrane

capableofacceleratingboneformation.

Biocellulose is obtained mainly from the cultures ofgram-negative bacteria

Gluconacetobacterstrainsasahighlyhydratedmembrane(upto99% water)or

pellicleattheair-medium interface.Thebiocelluloseisapolymerofhigherdegree

whichisconsistedpureformsofmicrofibersandhigherstructuralcrystallinity[14].

Biocellulose has attained unique physicaland biologicalproperties due to the

exceptionalstructure,suchasopticaltransparency,ductility,hightensilestrength,

oxygen permeability andbiocompatibility [15,16].In addition,thebiocellulosehas

propertiesthatareahighofelasticmodulusandtensilestrengthunderhydrated

condition[10].

Sinceitsdiscovery,biocellulosehasbeingshownthetremendouspotentialsasan



- 3 -

effective biopolymerin various fields owing to its impressive physiomechanical

properties.Thebiocellulosewithvarietycharacteristicshasbeing boostedupthe

utilizationinbiomedicalandotherrelatedfieldsaswounddressing,burns,tissue

regeneration,skinsubstitute,electronicandopticdevices[17].Hence,biocellulose

hasbeingrepresentedapromisingbiomaterial.

Therefore,we hypothesized thatbiocellulose with high biocompatibility,high

tensile,andoxygenpermeabilitycouldbeusedasthebiomaterialforproducingthe

barriermembrane.Inpresentstudy,theaim ofpresentstudy,istodevelopthe

non-resorbablebiocellulosemembrane(BCM)synthesized from Gluconacetobacter

xylinus (G. xylinus) and is to evaluate the biological effectiveness and

physiomechanicalpropertiesofsynthesizedbarriermembrane.
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Ⅱ.MaterialsandMethods

Ⅱ-A.Synthesis of non-resorbable barrier membrane

basedonbiocellulose

Theprocessingstepsforsynthesizingthebarriermembranebasedonbiocellulose

weredescribedbrieflyinFigure1.

Ⅱ-A-1.Culture of G.xylinus for the synthesis of

biocellulose

G.xylinus (KCCM 41431)were purchased from Korean Culture Center for

Microorganisms(KCCM,Seoul,RepublicofKorea)andweregrownaccordingto

thecultureprotocolprovidedbytheKCCM.Briefly,G.xylinusweregrownona

basalmedium containingYeastextract1g/L,Peptone0.6g/L,Mannitol5g/Lin1

L ofdistilled water.Thepreparedmedium wassterilized for15min at121℃.

ColoniesofG.xylinuswereinoculatedintoa100mLmedium ina250mLflask

shaken at 100 rpm and cultured at 26℃ for 3 days in Shaking incubator

(HST201SF,Hanbeck ST,Seoul,Republic ofKorea).Afteragitated culture to

propagatetheG.xylinus,themedium flaskculturedinstaticconditionsat26℃ for

7daystosynthesizethemicrobialcellulose.

Ⅱ-A-2.Preparationofbiocellulosemembrane

Thepreparedbiocellulosewassterilizedfor15minat121℃.Thebiocellulosewas

immersedindistilledwaterandwaswashedwithdistilledwaterseveraltimesfor7
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days.Thebiocellulosewasreactedto200mLof0.1N NaOH at100℃ for30min

in orderto disruptand dissolvethemicrobialcells[18].Thebiocellulosewas

washedthroughlywithdistilledwaterbypH 7.0astheneutralconditionandwas

toremovetheresidualNaOH andculturemedium componentsfrom thebiocellulose.

Themoistureofbiocellulosemembrane(BCM)wassuckedbyansuctionmaster

(TB-SM1,Infobiotech,Daejeon,RepublicofKorea)andwasdehydratedondryoven

(HB-501M,HanbeckST,Seoul,RepublicofKorea)at50℃.

Ⅱ-A-3.Surfacemodification ofbiocellulosemembrane

forusingbarriermembranebyoxygenplasmatreatment

TopreventthecellattachmentonthesurfaceofBCM,itwastreatedonoxygen

gasusing plasmacleaner(PDC-002,Harrick plasmaInc.,NY).Thesynthesized

BCM wasplacedinthechamber(plasmacleaner).Afterbeingcreatedavacuum at

theinsideofreactor,high-purityoxygen(99.9%)purgedintoreactormaintainedat

agaspressureof200mTorrfor3min.Sequentially,thesurfaceofBCM was

treatedwithoxygenplasmafor1min.Finally,aftersurfacemodification,itwas

usedasnon-resorbablebarriermembranebasedonbiocelluloseinpresentstudy.
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Figure 1. The schematic diagram for the development of biocellulose

membranesynthesizedfrom G.xylinus.
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Ⅱ-B.Evaluationofphysicalandchemicalproperties

Ⅱ-B-1.Analysisofscanningelectronmicroscope

Toobservethemorphology ofthesynthesizedBCM,Iperformedanalysisof

electronmicroscopic.Briefly,BCM werecoatedbysputter-coated(EmitechK550

sputter coater,Emitech Ltd,UK) and were observed by scanning electron

microscopy(SEM,JSM 840-A,JEOLco.,Japan)at10,000X,20,000X,and50,000

Xmagnifications.

Ⅱ-B-2.Analysisofthicknessmeasurement

TomeasurethethicknessofthesynthesizedBCMs,theseweremeasuredbya

digitalcaliper(KOIKO,China).Beforethethicknessmeasuring,themembranes

werecarefullycutintosizeof10mm widthand10mm length.Inpresentstudy,

thickness measurement was performed on both dried and moisture saturated

conditionofBCMs.

Ⅱ-B-3.Analysisoftensilestrength

Inordertoobtainsignificanttensilestrength,BCMswithuniformedthickness

werepreparedassizewith20mm X 50mm.Preparedsampleswereexamined

theirmechanicalproperties by a Tensile TesterInstron 5543 (High Wycombe,

England)according to the procedure ofth American Society forTesting and

Materials(ASTM D882)[19].Thesampleswerestretchedatacrossheadspeedof

5mm/mintoreachaconstantstrainrate.
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Ⅱ-C.Invitrocytocompatibility

Ⅱ-C-1.CultureofhumanMG-63osteosarcomacells

HumanMG-63osteosarcomacells(MG-63cells)wereobtainedfrom Koreacell

line bank (KCLB,Seoul,Republic ofKorea).MG-63 cells were cultured in

Dulbecco'smodifiedEagle'smedium (DMEM,LifeTechnologies,GRAND Island,

NY,USA)supplementedwith 10% fetalbovineserum (FBS,LifeTechnologies,

GrandIsland,NY,USA)inhumidifiedatmospherecontaining5% CO2at37℃.

Ⅱ-C-2.Analysisofcellviability

The cell viability was assessed using a 3-(4, 5-dimethylthiazol-2-yl)-2,

5-diphenyltetrazolium bromide(MTT,LifeTechnologies,GrandIsland,NY,USA).

TheMG-63cellswereseededatadensityof1×10
5
cellsperwellin96well

platesandallowedtoattachtothewellovernight.Afterincubation,culturedcells

weretreatedwitheffluentoftheBCMswerereleasedinDMEM with10% FBSfor

24,48,and72hat37℃.Afterincubationunderthedefinedconditions,cellswere

incubated foranother4h in 20 μL of5mg/mL MTT.Thesupernatantwas

subsequently removed, and MTT crystals were dissolved in 200 μL/well

dimethylsulfoxide(DMSO).Finally,solutionwastransferredintothe96wellplate

and theopticaldensity wasmeasured at540nm using aspectrometer(Epoch

Micro-volumeSpectrophotometerSystem,BioTek,VT,USA).

Ⅱ-C-3.Analysisofcellattachment

Cellattachmentwasmeasuredaspreviouslydescribedcelllive& deadassay,
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using green calcein-AM and ethidium homodimer-1 (Life Technologies,Grand

Island,NY,USA)tostainliveanddeadcells,respectively.MG-63cellswereplated

on membranes (non-treated and treated BCM samples with oxygen plasma,

commercialCytoplastPTFE membrane ;Osteogenics,USA)in chamberslides,

stimulated for 24 h,and then stained with green calcein-AM and ethidium

homodimer-1 as according to the manufacturer's protocol.The data of cell

attachmentwasphotographedusingfluorescencemicroscopy(EclipseTE200,Nikon

Instruments,Melville,NY).

Ⅱ-D.Invivoosteoinductivity

Theexperimentalproceduretoevaluatethebiologicalsafetyandosteoinductionof

BCM inanimalmodelwithcalvarialbonedefectionwerebrieflydescribedinFigure

2.

Ⅱ-D-1.Housingconditionsofexperimentalanimals

Experimentanimalselectionandmanagement,surgicalprocedure,andpreparation

were performed by protocol(CDMDIRB 1008A60)approved by the Institutional

AnimalCareandUseCommittee(IACUC)ofChosunUniversity.Inpresentstudy,

Sprague-Dawley rats(weight200 to 300g)weremaintained in a clean room

controled with 12h day/nightcycles,an ambienttemperatureof21℃,and ad

libitum accesstowaterandastandardlaboratorypelletdiet.
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Figure2.Theexperimentalproceduretoevaluatethebiologicalsafety and

osteoinduction ofsynthesized biocellulose membranein animalmodelwith

calvarialbonedefection.Experimentanimalselectionandmanagement,surgical

procedure,and preparation were performed as follow as experimentalprotocol

(CDMDIRB1008A60)approvedbytheIACUCofChosunUniversity.(A)Generation

ofanimalmodelwith calvarialbone defection.(B)Transplantation ofbarrier

membraneintodefectingareainanimalmodelwithcalvarialbonedefection.(C)

The view ofdefecting area at8 weeks after the transplantation ofbarrier

membrane.
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Ⅱ-D-2.Surgicalgeneration of experimentalanimals

withcalvarialbonedefection

TheanimalswereanaesthetizedbyanintramuscularinjectionusingZoletile(15

mg/kg;Virbac,VirbacKorea,RepublicofKorea).Routineinfiltrationanaesthesia

using2% Lidocaine(epinephrine1:100000,lidocaineHCl,Huons,RepublicofKorea)

wasperformedatthesurgicalsite.Sequentially,surgicalsitewasshavedtoremove

hairandwassterilizedusingbetadinesolutiontopreventcontamination.Briefly,an

incisionwasmadeinthesagittalplaneacrossthecranium andafullthicknessflap

reflected exposing the calvarialbone of experimentalanimal.A standardized,

circular,transosseousdefect,8mm indiameter,wascreatedonthecranium with

theuseofasalinecooledtrephinebur.Afterremovalofthetrephinedcalvarial

disk,sterilizedBCMswerecoveredonthedefectingareaofcalvarialboneevenly

withoutsuturing.Theperosteum andskinwerethenclosedandsuturedwith4-0

coatedpolyglactin.

Experimental animals were sacrificed at 8 weeks post-surgery by CO₂

asphyxiation.Calvarialbonesdissectedfrom eachexperimentalanimalswerefixed

with 4% paraformaldehydefor10 daysat4℃ to perform thehistologicaland

radiographicevaluation.

Ⅱ-D-3.Radiographicevaluation

Ⅱ-D-3-a.Analysisofx-rayimage

DissectedcalvarialboneweredeterminedusingtheMX-20SpecimenRadiography

System (FaxitronBiopticsLLC,Lincolnshire,IL,USA).Theregenerationofboneat

defectingsiteappliedwithBCM wasradiographiedbyplacingthecalvarialbones
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dissecteddirectlyontheX-rayfilm for5minwiththeenergyfor10kV.The

imagewasdigitized,andtheboneregenerationwereevaluated.

Ⅱ-D-3-b.Analysisofmicro-CT image

Boneregenerationatthedefectingsiteonthecalvarialbonewereevaluatedby

microscopic examination and micro-Computed Tomography (micro-CT)scanning.

Freshlydissectedcalvarialbonewereimmediatelyfixedin4% paraformaldehyde,

followed by micro-CT imaging analysis performed at the Center for

University-Wide Research Facilities of Chonbuk NationalUniversity,using a

SkyScan1076(SkyScan,Konitch,Belguim)withtheenergyfor130kVandrotation

step0.2°.

Ⅱ-D-4.Histologicalevaluation

Skullofexperimentalanimalswereexcised,post-fixedin4% paraformaldehyde

for7days,dehydratedinaseriesofethanolsolutions(50,70,95,and100%)at15

minperstep,andthensubmergedinxylene.Forconventionalhistologicalstaining,

paraffin-embeddedtissueblockswerepreparedandsectionedat10µm thickness

withaLeicaRM2135microtome(LeicaMicrosystemsAG,Wetzler,Germany)on

superfrostplusslides(Menzel,Braunschweig,Germany).Afterdeparaffinizationin

xylenefor30min,sectionswerehydrated through a gradientwith decreasing

proportionsofethanol.Theboneparaffinsectionsstainedwithhematoxylin& eosin

(H&E)stainingandsafranin-O & fastgreenstainingatx4modificationstoshow

thecalvarialdefectzones.

Ⅱ-D-4-a.Hematoxylin& Eosinstaining
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BonemorphologywasanalyzedafterconventionalH&E staining(Sigma-Aldrich,

Gillingham,UK).Thebone paraffin sectionsstained with H&E staining atx4

modificationstoshow thecalvarialdefectzonesbymicroscopy.

Ⅱ-D-4-b.Safranin-O & fastgreenstaining

Proteoglycancontentofthebonewasassessedfollowingsafranin-O& Fastgreen

staining(Sigma-Aldrich,Gillingham,UK).Theboneparaffinsectionsstainedwith

safranin-O & fastgreenstainingatx4modificationstoshow thecalvarialdefect

zonesbymicroscopy.

Ⅱ-E.Statisticalanalysis

Theexperimentaldataarepresentedasthemean±standarddeviation(SD)from

atleastthree independentexperiments and were compared using analysis of

variance,followedbyStudent'st-test.A p-valueoflessthan0.05wasconsidered

statisticallysignificant.
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Ⅲ.Results

Ⅲ-A.Synthesis of non-resorbable barrier membrane

basedonbiocellulose

To synthesize pure biocellulose forusing source ofa non-resorbable barrier

membrane,G.xylinuswasinoculatedinto200mLliquidmediaandwasincubated

topropagateontheorbitalshakingplatformsat26℃ tilltheformationofpellicle.

PelliclecomposedofpropagatedG.xylinuswasculturedinstaticconditionsat26℃

tilltheformationofbiocellulosewith0.5mm thickness.According topreviously

established method to dissociate the G.xylinus from synthesized biocellulose,

collected biocellulose was processed in 0.1N NaOH at100℃ for30 min [18].

Sequentially,biocellulosewas washedthroughlywithdistilledwaterbypH 7.0as

the neutralcondition for removing the residual NaOH and culture medium

componentsfrom thebiocellulose.Themoistureofbiocellulosemembrane(BCM)

was sucked by an suction master(TB-SM1,Infobiotech,Daejeon,Republic of

Korea)andwasdehydratedondryoven(HB-501M,HanbeckST,Seoul,Republic

ofKorea)at50℃.Asaresult,membraneoffilm-typewasmanufacturedfrom the

hydratedcellulose.TheprocessedBCM wastreatedonoxygenplasmatoprevent

theexternalcellattachment.TheBCMsthatareproducedfrom G.xylinusandare

modified asurfacewith oxygen plasmatreatmentareshown in Figure3.The

completelysynthesizedBCMsgenerallyhaveapH intherangeof7.0±0.2anda

weightintherangeof0.01±0.02g.
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Figure 3.The non-resorbablebarriermembranebased on the biocellulose

synthesizedfrom G.xylinus
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Ⅲ-B.Physicaland chemicalproperties ofsynthesized

biocellulosemembrane

Biocellulose with various physic-chemical properties such as microporous

structure,structuralintegrityandbiocompatibilitycanbeconsideredasabiopolymer

todevelopthenon-resorbablebarriermembrane[14,20].Accordingtoguidelineof

Ministry ofFood and Drug Safety,non-resorbablebarriermembranebased on

biocellulosewasconfirmedwhetherornothaving with theproperphysicaland

chemicalpropertiesforusingmedicalmaterials.

Ⅲ-B-1. Observation of surface structure and pore

numberstomodifiedbiocellulosemembrane

ToobservethesurfacestructureofsynthesizedBCMs,wehadperformedthe

electron microscopic analysis using SEM.The SEM results showed thatthe

synthesizedBCMshadanetworkarrangementscomposedofmicrofibersandmicro

pores.Furthermore,thecomparativeassessmentbetweenBCMswithandwithout

surfacemodificationbyusingoxygenplasmatreatmentwasillustratedasshownin

Figure 4.The electron microscopic surface structure ofBCM withoutsurface

modificationshowedadenseamorphousstructureofmicrofibersandmicropores.On

theotherhand,theelectronmicroscopicsurfacestructureofBCM with surface

modificationhadaregularmicrostructureofmicrofibersandmicroporescompared

withBCM withoutsurfacemodification.Itmightbeinducedbyelectricalrepulsion

formed between microfibers with negative charge caused by oxygen plasma

treatmentasasurfacemodification.Therefore,surfacemodificationusingoxygen

plasma treatment might a potent processing methods to induce the regular

microstructureofBCM.
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Figure4.Theelectronmicroscopiccomparisonofsurfacestructureandpore

size between synthesized biocellulose membrane without (top) or with

(bottom)surfacemodification using oxygen plasma treatmentby scanning

electronmicroscope(SEM).(A)10000 x,(B)20000x,(C)50000x.
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Ⅲ-B-2.Thicknessofsynthesizedbiocellulosemembrane

ToassessthethicknessandthemoistureabsorptionfactorofsynthesizedBCMs,

theassessmentofthicknessusingadigitalcaliperwasperformedinbothhydrating

anddehydratingconditionofsynthesizedBCMs.ThethicknessofsynthesizedBCMs

waspresentedinTable1.ThethicknessofBCMsindehydratingconditionwas

calculatedastheaveragevaluesof0.04± 0.02mm.Whileas,thethicknessof

BCMsinhydratingconditionwascalculatedastheaveragevaluesof0.06±0.02

mm thickness.Subsequently,themoistureabsorptionfactorofsynthesizedBCMs

wascalculatedasanapproximately56% more.

Ⅲ-B-3.Tensile strength of synthesized biocellulose

membrane

Mechanicalproperty ofbiocelluloseisamajorfactorforusing asascaffold

materialandbiomedicalfieldslikewounddressingmaterials,tissueengineeringand

etc [21].A tensile strength test was performed to investigate the intrinsic

mechanicalpropertiesofthesynthesizedBCM withsurfacemodificationaccording

totheprocedureoftheASTM D882[22].ThetensilestrengthofsynthesizedBCM

with surfacemodification wasdescribedinTable2.ForsynthesizedBCM with

surfacemodification,thetensilestrengthwasevaluatedapproximately16.94±1.2

MPa,andtheelasticmodulusobtainedfrom thestress-straincurvewasevaluated

approximately654.89 ±10MPa.
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Table 1.The thickness of non-resorbable barrier membrane based on

biocellulose

Thethicknessofbiocellulosemembranewasassessedby adigitalcaliper.Each

valueinthetableispresentedasthemean±SD.

Table2.Thetensilestrengthofnon-resorbablebarriermembranebasedon

biocellulose

ThetensilestrengthofbiocellulosemembranewasassessedbyTensileTestInstron

5543.Allassessmentwereperformedwithtriplicates.Eachvalueinthetableis

presentedasthemean±SD.
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Ⅲ-C.Invitrocytocompatibility

Thebiomaterialsmusthaveahighdegreeofbiologicalstability.Biocompatibility

ofbiomaterialshasbeendefinedasitsabilitytoperform withanappropriatehost

responseinaspecificapplication[23].Therefore,weperformedtheassessmentof

cellcytotoxicitytoevaluatethebiologicalsafetyofsynthesizedBCMsinhuman

osteoblastMG-63cells.

Ⅲ-C-1.MG-63 cellviability of the effluents from

synthesizedbiocellulosemembrane

TodeterminewhethersynthesizedBCMshasacytotoxicityornot,weperformed

theMTT assay,arepresentativemethodtoevaluatethecellcytotoxicity,inMG-63

cells.Inaddition,topreparetheaimedeffluents,synthesizedBCM waselutedin

DMEM containing10% FBSfor24,48,and72h.MG-63cellsweretreatedwith

collectedeffluentspreparedatdifferentelutionperiodsfor24h.AsshowninFigure

5,therelativecellcytotoxicitywasverifiedas76.3±14.3% inMG-63cellstreated

with BCM effluents eluted for24 h compared with 102 ± 25.1% in control.

Furthermore,thecellcytotoxicitywasverifiedas90.7±19.4% and77.8±14.4% in

MG-63cellstreatedwithBCM effluentselutedfor48and72hcomparedwith

non-treated control,respectively.Therefore,these are clearly suggesting that

synthesizedBCM hasahighlevelofbiologicalsafetyinMG-63cells.
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Figure 5.Cellviability of synthesized biocellulose membrane in MG-63

osteoblasticcells.Effluentsofthebiocellulosemembraneswerepreparedbythe

guidelinesprovidedfrom MinistryofFoodandDrugSafety(RepublicofKorea)for

themeasurementofcellcytotoxicity.TheMG-63cellswerecultured in either

DMEM with10% FBS ortheeffluentofBCMs.MTT assaywasperformedto

verifytheeffluentsoftheBCMssynthesizedinMG-63cellviability.
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Ⅲ-C-2. MG-63 cell attachment of the membranes

(untreatedortreatedbyoxygenplasmaandcommercial)

tocompare

Next,wehypothesizedthatelectricalrepulsionformedbetweenlivingcellswith

negativechargeandBCM withnegativechargemightbesuppressedtheadhesion

ofexternalcellsonthetheirsurface.Therefore,thesurfaceofsynthesizedBCM

was treated by oxygen plasma as a surface modification.To verify the cell

attachmenton thesurfaceofsynthesized BCM with surfacemodification using

oxygenplasmatreatment,wevisualizedtheattachedcellonthesurfaceofBCM

using celllive& deadassay.Asshown in Figure6,many MG-63cellswere

attachedonthesurfaceofsynthesizedBCM withoutnegativecharge.Ontheother

hand,thenumberofMG-63cellsattachedonthesurfaceofsynthesizedBCM with

negativechargeformedbyoxygenplasmatreatmentweresignificantlylessthan

comparedtosynthesizedBCM withoutnegativechargeandacommerciald-PTFE

membrane,Cytoplast.



- 23 -

Figure 6.MG-63 cellattachmentofthe membranes (A,B,C)to compare.

preventthecellattachmentonthesurfaceofBCM,thesurfaceofBCM wastreated

withoxygenplasma.Andthen,comparisonofMG-63cellattachmentbetweenBCM

without(A)orwith(B)surfacemodificationusingoxygenplasmatreatmentand

commercialPTFE membrane(C)usedascontrolwereperformedbycelllive&

deadassay.
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Ⅲ-D.Invivoosteoinductivity

InvivotestwasconductedtoverifywhethersynthesizedBCM hasabiological

safetyandosteoinductivityinlivinganimals.

Ⅲ-D-1.Radiographicevaluationofboneregenerationin

animalmodelwithcalvarialbonedefection

Next,toevaluatethebiologicalsafetyandosteoinductivityofsynthesizedBCM,

theexperimentalanimalswith8mm bonedefectiononcalvarialweregenerated

according to theprotocol(CDMDIRB 1008A60)approved by IACUC atChosun

University.AndthensynthesizedBCMsweretransplantedontothebonedefecting

region ofexperimentalanimals.At8 weeksafterpost-transplantation ofBCM,

calvarialboneswerecollectedtoevaluatetheabilityofBCM asanon-resorbable

barriermembrane using radiographic analysis using X-ray and micro-CT.As

showninFigure7,bonedefectionwasstillobservedonthedefectingregioninthe

calvarialbonewithouttransplantationofBCM.Ontheotherhand,bonedefection

didnotobservedonthedefectingregioninthecalvarialbonewithtransplantation

ofBCM.Furthermore,theradiographicobservationrevealedthatBCM transplanted

ontodefectingregionofexperimentalanimalsinducedsignificantlythenew bone

formation.Therefore,bothvisualinspectionandradiographicanalysiswereclearly

indicatingthatsynthesizedBCM hasaexcellentosteoinductivity.
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Figure7.Theradiographicevaluationofdefectingareaat8weeksafterthe

transplantation of biocellulose membrane using photography, x-ray and

micro-CT image analysis.After8 weeks post-transplantation ofBCMs onto

defecting region ofanimalmodelwith calvarialbone defection,tissues were

harvestedandwereimmediatelyfixedusing4% paraformaldehydefor4days.After

fixation,tissues were performed x-ray and micro-CT to evaluate the bone

regenerationatthedefectingregion.(A)TissuewithoutimplantationofBCM,(B)

tissuewithimplantationofBCM,(C)naivetissue.
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Ⅲ-D-2.Histologicalevaluationofboneregenerationin

animalmodelwithcalvarialbonedefection

To evaluate the osteoinductivity of BCM,harvested calvarial bones were

decalcified and wereperformed thehistologicalanalysisusing H&E staining to

observe the morphologicalalteration oftissues and safranin-O and fastgreen

stainingtoverifythenew boneformationatthedefectingregionofexperimental

animals.As shown in Figure 8A,the resultofH&E staining showed that

transplantedBCM didnotonlyaffectthemorphologicalalterationbutalsodidnot

inducetheinflammationindefectingregionofexperimentalanimals.Furthermore,

the invasion ofother connective tissue into defecting region was completely

inhibitedbytransplantedBCM.However,toevaluatethenew boneformationinthe

defecting region transplanted with BCM,safranin-O & fastgreen staining was

performedasshownasFigure8B.Assameastheresultsofradiographicanalysis,

theresultofsafranin-O & fastgreenstainingwasrevealedthatnew bonesunder

thetransplantedBCM ontodefectingregionofexperimentalanimalwasobserved.

Therefore,takentogether,theseareclearlysuggestingthatsynthesizedBCM hasa

potentphysio-chemicalfunctionsasanon-resorbablebarriermembrane.
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Figure8.Thehistologicalevaluationofdefectingareaat8weeksafterthe

transplantationofbiocellulosemembrane.Experimentalanimalsweresacrificed

at8weekspost-surgery.Collectedboneswereevaluatedbyhistologicalanalysis

usingH&E stainingandsafranin-O & fastgreenstaining.(A)Bonemorphology

wasanalyzedbytheH&E staining,(B)boneregenerationwasanalyzedbythe

safranin-O(forproteoglycan)& fastgreen(forbonematrix)staining.
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Ⅳ.Discussion

GBR isfrequentlyperformedtoregeneratetheboneforimplantreplacementin

dentalsurgeryandisusuallyrequiredthebarriermembranewithbonegrafting

materialstopromotebonehealing [5].Especially,theimportanceofthebarrier

membraneinGBR hasbeenreportedinnumerousstudies.Thebarriermembrane

thatsuppressinginfiltrationofthesofttissueandincreasingphysicalstrengthof

bone grafting materials is needed the prerequisites as high biocompatibility,

flexibility,adequate mechanicalstrength and suitable adhesiveness to lead the

completeboneformation[6,10].

GM whichisoneofthestrongestcandidatesasnon-resorbablebarriermembrane

hasbeenusedmostwidelyinthedentalsurgeryforGBR.Ithassatisfiedallofthe

propertiesrequiredforthesuccessfulboneregeneration in bonedefection region

[25,26]. Also, it has various physical properties such as porous structure,

biocompatibilityandeasyclinicalapplicability[27].Therefore,GM isusedwidelyin

dentalimplantsurgery[17].Furthermore,itsefficacyhasbeingproven.Although

GM hasbeenappliedforusingasbarriermembraneinGBR,ithasanexpensive

materialand complicated production systems.Because these limitations ofGM,

surgerycostofimplantsurgeryisontherise.Therefore,non-resorbablebarrier

membraneisneededthesimplemanufacturing processusing aeconomicnatural

materialtoreplacetheGM.

Biocelluloseisanaturalpolymersynthesizedfrom Gluconacetobactergenusandis

acomposedofextremelypurepolysaccharidesfiberswithadiameterofonly20

nano-meters.Recently,biocellulosewithuniquephysicalandmechanicalproperties

due to its tridimensional and branched micro-fibrillar structure have being

consideredasaninterestingnaturalpolymerinthespecifictechnologicalapplication

suchasaudiomembranes,electronicpaper,andtransparentnano-composites[15].

Furthermore,biocellulosewithvariousbiologicalcompatibilitiessuchasnon-toxic,
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swellingpropertywithextremelyhydrophilic,andexchangeofoxygenandnutrient

throughmicroporescomposedofmicrofibershasbeing consideredasaninterest

naturalmaterialsforusing asawound healing membranes,substituting natural

skin,andchirurgicalimplantsinbiomedicalresearchfield[5,18].

Especially, biocellulose with various physic-chemical properties such as

microporousstructure,structuralintegrityandbiocompatibilitycanbeconsideredas

abiopolymertodevelopthenon-resorbablebarriermembrane[14,20].Moreover,

becausetheculturemediaofG.xylinustosynthesizebiocelluloseisabletousea

various types of culture media produced from food wastes,it can produce

economicallythroughcommercialmanufacturingprocess,eco-friendly[14].Therefore,

wehypothesizedthatthenon-resorbablebarriermembranebasedonbiocellulose

synthesized from G.xylinuscan beconsidered asabiopolymertoreplaceand

overcomethedisadvantageofGore-tex.

Accordingtoestablishedourhypothesis,biocellulosesynthesizedfrom G.xylinus

asshowninwasprocessedasthenon-resorbabletypeofbarriermembraneby

noveldehydratingprocess.However,asaperquisiteforusingbarriermembrane,

candidatemusthavehighly hydrophilicpropertiestoacceleratethebonehealing

[16].In presentstudy,the non-resorbable BCM which composed ofthe pure

cellulosemicrofiberswithextremelyhydrophilicpropertiesisconfirmedthathasan

amazing fluid-holding capacity. The thickness of synthesized BCM was

approximately 0.04± 0.02 mm atdehydrated condition.On theotherhand,its

thicknesswasverifiedasapproximately0.06±0.02mm underhydratedcondition.

ThethicknessofsynthesizedBCM underhydratedconditionincreasedapproximately

56% morethanthatofdehydratedcondition.Therefore,theBCM withexcellent

capacityofmoistureretentionmightbeacceleratedtheboneregenerationthrough

the gradualsecretion ofvarious anabolic growth factors included in exudate

absorbed into its internalmicro-space during GBR surgery.Furthermore,the

thickness of commercial non-resorbable barrier membrane was verified as

approximately0.2mm.Hence,thethicknessofcommercialnon-resorbablebarrier
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membranewashigheratleast40foldscomparedwiththatofmembranebasedon

biocellulose.TheseareindicatingthatsynthesizedBCM mightbeeasiermorethan

acommercialthatofmembranein apointview ofoperation.However,barrier

membrane forusing GBR musthave a stable tensile strength to againstthe

mechanicalmovementoforalcavity during the period ofbone healing [15].

According to this prerequisite,the tensile strength ofsynthesized BCM was

measuredbyTensileTestInstronandwasverifiedasapproximately16.94±1.2

MPa.While as average tensile strength ofcommercialnon-resorbable barrier

membranewasrevealedasapproximately6MPa.TheBCM hasatensilestrength

atleast2.5foldsmorecomparedwithcommercialnon-resorbablebarriermembrane.

Taken together,theseareindicating thatBCM hasa high degreeofphysical

stabilitycomparedwithcommercialnon-resorbablebarriermembrane.Inaddition,

thesynthesizedBCM hasasemi-transparentmorethanthatofopaquemembrane

suppliedascommercially.Therefore,thispropertycouldbeendowedafunctional

usefulnessthatbarriermembranecanbetransplantedtotherecipientsitecorrectly.

However,BCM isneeded aprocesstoremoveaftercompleteregeneration of

bone.Duringtheremovingprocess,cellsattachedontheBCM couldbeinducedthe

additiveinjuryatthebonehealingsite[10].Therefore,BCM isneededtosurface

modificationforpreventingthecellattachmentonitssurface.Topreventthecell

attachmentonthesurfaceofBCM,oxygen plasmatreatmentwasperformedto

modifythesurfaceofchargeasanegativecharge.Becausethecytosolicmembrane

ofliving cells has a negative charge,repulsive force formed between barrier

membrane with negative charge and living cells mightbe prevented the cell

attachment.However,toevaluatewhetherBCM withnegativechargeformedby

oxygenplasmatreatmentcanpreventthecellattachment,weperformedthecell

attachmentassayusingcelllive& deadassaykit.Theresultofcellattachment

assayshowedthatBCM withnegativechargepreventedthecellattachmentonits

surface more than BCM without electricalcharge and a commercialPTFE

membrane (Cytoplast). Therefore, these results are suggesting that surface

modifications as negative charge using oxygen plasma treatment might be



- 31 -

minimizedthesofttissuedamageduringtheremovingprocessofBCM.Moreover,

electronmicroscopicalanalysisofBCM revealedthatthenegativechargeformedby

oxygen plasmatreatmentinduced theextension ofmicroporediametercompared

withnon-treatedBCM.Itmightbemediatedbytherepulsiveforceformedbetween

microfiberswithnegativecharge.Therefore,theextendeddiameterofmicroporeson

the BCM mightbe increased the exchange ofoxygen and the supplementof

nutrienttoosteoblastduringtheperiodofboneregeneration[6].

Next,barriermembraneused in GBR musthaveahigh degreeofbiological

safeties.Therefore,to verify the biologicalsafety of synthesized BCM,we

performed thecellcytotoxicity assay in thehuman osteoblasticMG-63cellas

follow as the guideline supplied from the Ministry ofFood and Drug Safety,

RepublicofKorea.Theeffluentpreparedfrom synthesizedBCM didnotaffectthe

cellviability.Therefore,theseareclearlysuggestingthatsynthesizedBCM hasa

highdegreeofbiologicalsafety.

However,toverifywhethersynthesizedBCM hasabiologicalandosteoinductive

activity in living animalsasinvivotest,wegeneratedtheanimalmodelwith

calvarialbonedefectionandimplantedthesynthesizedBCM intorecipientsite[24].

Afterimplantation,animalswerehosedfor8weeksandweresacrificedtoevaluate

the radiographicalevaluation using x-ray and micro-CT.x-ray image analysis

revealedthatdefectingsiteonthecalvarialbonedidnothealyetinexperimental

animalwithoutimplantationofnon-resrobableBCM hadbeenshownthedefecting.

Whileasnew boneformationhadbeenobservedaccordancewithsynthesizedBCM

implantedintodefectingcalvarialboneofexperimentalanimal.Furthermore,assame

asresultsofx-rayanalysis,micro-CT imageanalysisrevealedthatexperimental

animalwithimplantationofsynthesizedBCM intodefectingcalvarialbonehadbeen

shown the excellentnew bone formation compared with experimentalanimals

without implantation. Moreover, to verify the new bone formation in the

experimentalanimalmodelwith the implantation ofBCM,we performed the

histologicalevaluation using both H&E staining and safranin-O & fastgreen
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staining.In theH&E staining,BCM implantedintodefecting regionofcalvarial

bonedid notaffectthecellmorphology and did non inducetheinflammation.

Furthermore,in theresultsofsafranin-O & fastgreen staining,renewalbones

locatedontheunderofBCM implantedintodefectingregionofcalvarialbonehad

beenstainedasgreencolorbyfastgreenreagent.

Throughthefollowingresults,itwasconfirmedthatBCM isappropriatetoapply

as a non-resorbable barrier membrane.Therefore,the BCM having a high

biocompatibility andvariousphysicalcharacteristicsisexpectedtoovercomethe

limitationofGM bymanufacturingthroughsimpleprocessandtorelievethecost

ofimplantsurgery.
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