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Review: Numerousbiodegradablepolymers have been
developedn thelasttwo decadesln termsof application,
biodegradablgpolymersare classifiedinto three groups:
medical, ecological,and dual application,while in terms
of origin they are divided into two groups: natural and
synthetic. This review article will outline classificdion,
requirements,applications, physical properties, biode-
gradability anddegradatiormechanism®f representative
biodegradablgolymersthat have alreadybeencommer
cializedor areunderinvestigation. Among the biodegrad-
able polymers, recent developmentsof aliphatic poly-
esters.especiallypolylactidesand poly(lactic acid)s,will
bemainly describedn thelastpart.

Polaizing opticd photomicrogaphof a PLLA film annealed
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1. Intr oduction

Polymerdegradéon takesplace mostly throughscission
of the main chairs or side-clains of polymer molecules,
inducedby their thermal activaion, oxidation, phaolysis,
radiolyss, or hydrdysis. Somepolyme's undego degra-
dation in biological environments when living cells or
microorganismsare presentaraund the polymers. Such
environnentsinclude soils, seasrivers, andlakeson the
earth as well as the body of human beings and ani-
mals~®, In this article, biodegradale polymers are
definedas those which are degradedn thesebiological
environnents not throughthermal oxidation, phaolysis,
or radiolysis but through enzymaic or non-erzymatic
hydrolysis.

In a strict sense,such polymers that require enzymes
of microomganismsfor hydrolytic or oxidative degrac-
tion are regardedas biodegradble polymers. This defi-
nition doesnot include polylactdes in the categoy of
biodegradhle polymers, becawse polylacides are
hydrolyzedat a relativdy high rate even at room tem
peratureand neutal pH without any help of hydrolytic
enzymesif moistue is present.This often givesrise to

corfusion when we say that polylactidesare biodegrad
able As will be shown later, polylacides, egecially
polyglycolide, are readly hydrolyzedin our body to the
resgective monomersand oligomess that are soluble in
aqueous meda?. As a restut, the whole mass of the
polymers disappears, leaving no trace of remnants.
Gererally, such a polymer that loses its weight over
time in the living body is called an absorbale, resorb
able or biodbsorbablepolymer as well as a biodegrad
able polymer regardlessof its degradtion mode, in
other words, for both enzymatic and non-erzymatic
hydrolysis. To avoid this confusion, some pele insist
that the term “biodegradhble” should be used only for
such ecolayical polymers that have been developé
aiming at the protection of earth environments from
plasic wastes,while the polymers applied for medical
purposeshy implarting in the humanbody should not
be called biodegradhle but resorbableor absorbale. In
this article, however the term “biodegradale” is used
in spite of this confusion, since the term has been
widely utilized in the biomaterid world for the biome-
dicd polymes that are absorbedin the body even
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Fig.1. Modesof resorptionof polymers

Tab.1. Classifcationof biodegradablepolymers
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NaturalPolymers Synttetic Polymers
Sub-dassification Examples Sub-classiftation Examples
1. Plantorigin 1. Aliphatic polyesters
1.1 Polysacharides Cellulose,Starch Alginate 1.1 Glycol anddicarbonicacid Poly(ethylenesucdnate),

2. Animal origin

2.1Polysacharides Chitin (Chitosan), Hyaluronate

1.2 Polylactides
1.3Polylactons
1.4Miscellaneous

polycondasates Poly(butylene terephthalate
Polygycolide, Polylectides
Poly(e-carpolacbne)

Poly(butyleneterephthalate

2.2Proteins Collagen(Gdatin), Albumin 2. Polyds Poly(vinyl alcohd)
3. Microbeorigin 3. Polycarbontes Poly(estercarbonate)
3.1Polyestes Poly(3-hydroxyalkanate)
3.2Polysacharides Hyalurorate 4. Miscellaneous Polyanhydrides,
Poly(a-cyano@rylate)s,
Polyphosphazere
Poly(otthoesters)

through nonenzymaic hydrolysis. In other words, the
term “biodegradale” is used here in broad meaning
that the polymer will eventially disappear after intro-
duction in the body, without referencedo the mechan-
isms of degadation.Fig. 1 shows a variety of mecha-
ismsresponsike for polymer resorpton.

These biodegradale polymers have currently two
major applcations; one is as biomedcal polyme's that
contribuk to the medicalcareof patientsandthe other is
asecologica polymes that keepthe earthenvironmets
clean.Most of thecurrertly avaiable biodegra@blepoly-
mersareusedfor either of the two purpases,but someof
themareapplicabe for both, asillustratedin Fig. 2. Bio-
degradale polymerscanbealsoclassifed on the basisof
the origin, thatis, natually occuring or synthetc. Tab.1
lists biodegradale polymers classifed accoding to the
polyme origin.

The purpcse of this article is to give a brief overview
on represetative biodegradake polymers that have

Medical Application

Ecological Application

Oxidized
cellulose
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(PHB)

PPZ PEC
POE  pan PEA
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|
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Fig.2. Application of biodegradhle polymers. PAA: Poly-
(acid anhydride);PBS: Poly(butylene succinate);PCA: Poly(a-
cyanoacrylge); PCL: Poly(e-caprolatone); PDLLA: Poly(L-
lactide), Poly(pL-lactic acid); PEA: Poly(ester amide); PEC:
Poly(ester carbon#e); PES: Poly(ehylene succinate); PGA:
Poly(glycolide), Poly(glymlic acid); PGALA: Poly(glycolide-
co-lactide), Poly(glymlic acidco-lactic acid); PHA: Poly(hy-
droxyalkanate); PHB: Poly(3-hydroxybuwrate); PLLA:
Poly(L-lactide), Poly(L-lactic acid); POE:Poly(orthoster)
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alreadybeencommercialzed or are underinvestigation
for biomedcal andecobgical appications.

2. Biomedical applications

2.1 Biomaterials

A variety of polymers have beenusedfor medical care
including prevenive medcine, clinical inspections,and
sumgical treatmentsof disease’$-%®. Amongthe polymers
employel for suchmedcal purpases,a specified group of
polymers are called polymeric biomaterias when they
are usedin direct contactwith living cells of our body.
Typical applicationsof biomateriak in medicineare for
disposaéle products(e.g. syringe,blood bag, and cathe-
ter), materials supporting sugical operaton (e.g. sutue,
adhesiveandsealant) prosttesedor tissuerepacemaets
(e.g. intraccularlens,dentd implant,andbreastimplart),
and artificial organsfor temporaryor pemanentassist
(e.g. artificial kidney; artificial heat, andvascuér graft).
Thesebiomateials are quite different from other non
medical, commercial products in many aspects.For
instance neitherindustial marufacturirg of biomatrials
nor saleof medcal devicesareallowedunlessthey clear
strict governmetal regulabry issues. The minimum
requiremats of biomatrials for such governmental
approvéa include non-toxkity, steilizability, and effec-
tiveness as shownin Tab.2. Biocompatibility is highly
desirablebut not indispersable; most of the clinically
used biomaterids lack excelent biocompatbility,
althoughmary efforts havebeendevotedto the devebp-
ment of biocompatble materiak by biomateriak scien-
tists and engneers.A large unsolvedproblem of bioma-
terials is this lack of biocompatbility, especally when
they are used not temporaily but permanetly as
implantsin our body. Low effectiveressis anotherpro-
blemof currertly usedbiomateriak.

The biological materials composingour living body as
skeletonframe,andtissuematix areall biodegraeblein
a strict senseand gradualy lose the massunlessaddi
tional treatmentsaregivenwhenour heartceagsbeating.

Recenty, biodegradake medcal polymers have
attractedmuchattentiori*%2??, Thereareat leasttwo rea-
sonsfor this new trend.Oneis the difficulty in devebp-
ing suchbiocompatble matrials that do not evoke any
significant foreign-body reactons from the living body
when receivig man-madebiomatrials. At presentwe
can producebiomateials that are bioconpatible if the
contad durationof biomateials with theliving body is as
short as seveal hours, days, or weeks®®. Howevey the
science and techrology of biomateriak have not yet
reachel sucha high level that allows us to fabricate bio-
compatble implarts for pemanentuse.On the contrary,
biodegradhle polymers do not require such excellent

Tab.2. Minimal requiremerd of biomaterials

1. Non-toxic (biosafe)
Non-pyrogenicNon-hemolyti¢ Chronicdly
non-inflammative Non-allegenic,Non-carcin@enic,
Non-teratogaic, etc.

2. Effective
Functionaliy, PerformanceDurability, etc.

3. Stailizable
Ethyleneoxide, y-Irradiation,Electronbeams Autoclave,
Dry heatingetc.

4. Biocompatible
Interfacially, Mechanically andBiologically

biocompatbility sincethey do not stayin our body for a
long term but disappeamvithout leaving any traceof for-
eignmateriak.

The otherreasm for biodegradhle polymersattractirg
much attentionis that nobody will wart to carry foreign
materialsin the body aslong-termimplants becaseone
canrot deny a risk of infection evertually causedby the
implants.

Although biodegra@blepolymersseenvery promising
in medicalappications,thesekinds of polyme's currently
do not enjoy large clinical uses,becawse thereis a great
concern on biodegadable medical polymers. This con
cernis the toxicity of biodegradabn by-prodicts, since
the causeof toxicity of biomaterids are mostly dueto
low-molealarweightcompoundsthat haveleacted from
the biomateriat into the body of patients.They include
monomers remairing unpolymerized ethylene oxide
remahing unrenoved,additives suchasanti-oxidantand
pigments,and fragmens of polymerizatian initiator and
catalst. The contentof thesecompounds in cumrently
usedbiomateriak is below the level prescribedby requla-
tions. Waterinsoluble polymersgeneraly are not ableto
physically andchemically interactwith living cellsunless
the materialsurfacehasvery shap projectionsor a high
dersity of a cationic moiety??.

However biodegadablepolyme's alwaysreleasdow-
molecularweight compoundsinto the outerenvironment
as a result of degradabn. If they can interactwith the
cell surface or enterinto the cell interior, it is possiltte
thatthe normd condition of the cell is disturbel by such
foreign compounds.One can say that an implanted bio-
material inducescyto-toxicity if this disturbanceis large
enaughto bring aboutan irreversibke damageto the cell.
Puified polyethylere and silicone are not toxic but also
not biocompatible, becage thrombis formation and
encapulation by collagenousfibrous tissuestake place
aroaundtheir surfacewhenimplanted®. Thelargestdiffer-
encein termsof toxicity betweerbiodegradale andnon
biodegradale polymers is that biodegradale polymers
inevitably yield low-molecularweight compounds that
mightadverselyinteractwith living cellswhile anyleach
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ablesor extractdlesevertually contaninatingnon-kbode-
gradabé polymerscanbe reducedto suchalow level as
requiredby governmetal regultaons, if the polymersare
extersively andcarefully manugcturedandpurified.

2.2 Supgical use

Application of biodegradale polymersto medcine did

not start recently and hasalreadya long history. Actual
and possilbe applicatbns of biodegradhle polymersin

medicire are shownin Tab.3. Tab.4 lists represetative
syntheticbiodegradale polymerscurrertly usedor under
investigdion for medcal applicatbn. As is sea, mostof
the appicationsare for suigery. The largestand longest
useof biodegradble polymersis for suturirg. Collagen
fibers obtained from animal intestineshave beenlong
used as absorbale suture after chromium treatment®).

The use of syntheticbiodegradble polymersfor sutue
startel in USA in the 1970%*". Commercia polymers
usedfor this purposenclude polyglycolide, which is still

the largestin volume produdion, togetherwith a glyco-
lide-L-lactide (90:10) copolymef”. The sutuwes made
from theseglycolide polymers areof braidtype procesed

Tab.3. Medical applicationsof bioabsorbablg@olymers

Function Purpose Examples
Bonding Suturing Vascularandintestinal
anasomosis
Fixation Fraduredbonefixation
Adhesion Sumgical adhesion
Closure Covering Woundcover
Local hemosasis
Occlusion Vascularembolization
Separation Isolation Organprotection
Contactinhibition Adhesionprevention
Scafold Cellular proliferation Skinreconstructn,

Blood vesseleconsruction

Tissueguide Nurve reunion

Capsulation Controlleddrug Sudaineddrugreleag

delivery

from multi-filam ents,but syntheticabsorbale suturesof
mono-flament type also at presentare conmercialy
available.

The biodegradble polymers of the next largest con
sumptian in suigeryarefor hemostas, sealirg, andadhe-
sion to tissue®. Liquid-type productsare mostly used
for these purpcses. Immediately after applicaton of a
liquid to a defective tisste wherehenostasis,seding, or
adhesioris neededtheliquid setsto a gel andcoversthe
defectto stop bleedng, seala hole, or adheretwo sepa-
ratedtissues.As the gelled materialis no longer neces-
saryafterhealing of thetreatedtissue,it shouldbe biode-
gradableandfinally absorbednto the body. The bioma-
terialsusedto preparesuchliquid productsincludefibri-
nogen(a seum protein), 2-cyan@crylates,anda gelatin/
resorciml/formadehydemixture.

2-Cyaroacrylates solidify upon contact with tissuesas
a resultof polymerizationto polymersthat are hydrolyz-
able at room tempenture and neutral pH, but yield for-
maldehyle as a hydrolysis by-product . Regeneraid
collagenis also usedas a hemostdt agen in forms of
fiber, powder andassembés.

Anothe possille applicaton of biodegradake poly-
mersis the fixation of fracturedbones.Currently metals
arewidely usedfor this purposein orthopaet and oral
suigeriesin the form of plates, pins, screws,and wires,
but they needremoval after re-urion of fracturedbones
by further suigery It would be very benefical to patients
if thesefixation devices can be fabricated using biode-
gradablepolyme's becasetherewould be no needfor a
re-operatbn. Attemptsto regace the metals with biode-
gradable devices have already stated, as will be
describedater.

2.3 Pharmaceuticalise

In orderto deliverdrugsto diseaseditesin thebody in a
more effective andlessinvasive way, a new dosag form
technola@y, called drug delivery systens (DDS), stared
in the late 1960’s in the USA usingpolymers.The objec-
tives of DDS include sustaired releaseof drugs for a

Tab.4. Representativesyntheticbiodegradale polymers currentlyusedor underinvestgationfor medial application

Polymers Strucure M, Degradatbnrate Medical application
kD
Poly(glycolde) Crystdline - 100%in 2—-3 months  Suture,Softissueanaplerasis
Poly(glycoic acidco-L-lacticacid) Amorphous 40-100 100%in 50—100days SutureFractue fixation, Oral implant,
Drug delivery microsphee
Poly(L-lactide) Semicrystine 100-300 50%in 1-2years Fracturefixation,
Ligamentaugmentation
Poly(L-lactic acid-co-e-capolactone) Amorphous 100-500 100%in 3—12months Suture Dural substtute
Poly(e-caprdactone) Semicrystine  40-80 50%in 4 years Contraceptivedeliveryimplant,
Poly(p-dioxanone) Semicrystdine - 100%in 30 weeks Suture Fractue fixation
Poly(orthoester) Amorphous 100-150 60%in 50weeks Contraceptivaleliveryimplant

(saline,37°C)
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desireddurationat an optimal dose targeting of drugsto
diseasedsites without affecting healthy sites, controlled
releaseof drugsby externalstimuli, and simple delivery
of drugs mostly through skin and mucousmembrans.
Polymersare very poweful for this new pharmaceutcal
technolay. If adrugis administeredthrougha parenteral
route like injection, the polyme usedas a drug carrier
shouldbe preferaby absorfable, becausahe polymer is
no longer required when the drug delivery has been
acconplished. Therefore, biodegradale polymers are
widely used,especidly for the sustanedreleaseof drugs
throughadminstration by injection or implartation into
the body. For this purpose, absorbale nanogheres,
microspheres, beads,cylinders and discs are prepaed
usingbiodegradale polymerg%-28) The shapeof the most
widely useddrug carriers is a microsghere,which incor-
poratesdrugs and relessesthem through physical diffu-
sion, followed by resorpion of the microspherematerial
Suchmicrospherescan be preparedwith a solventeva-
porationmethodusing glycolidedactidecopolymers

Naturaly occuring biodegradale polymers are also
usedasdrug carriersfor a sustaired releaseof drugs.If
the drug carrieris solublein water, the polymerneednot
to be biodegradble, becase this polymer will be
excretedfrom the body, associatedwith urine or feces
althoughexcretion will takea long time if the molecubr
weightof the polymeris extrenely high.

2.4 Usefor tissueengineerimy

Tissueengheeringis an emeging tecmology to create
biologicaltisswesfor replacenentsof defectiveor lost tis-

suesusing cellsandcell growth factor$®. Also, scafolds

arerequiredfor tisswe construgion if of thelostpatt of the

tissueis so large thatit canrot be cured by conventonal

drugadministation. At present,suchlargely diseasedis-

suesandorgansarerepacedeitherwith artificial organsor

transplaed organs,but both of the therapetic methods
involve someproblems As mentioneckarlier thebiocom

patibility of clinically usedartficial organsis mostly not

safisticatoy enoughto prevent severeforeign-body reac-
tions and to fully perform the objective of the artificial

organsaimed for patients. The biofunctionality of curent
artificial organsis still poor. Onthe contrary the biofunc-

tionality of transphntedorgansis asexcellent as healthy
humanorgans,but the patientswith transplated organs
are suffering from side-efects inducedby immuno-sip-

presive drugs adninistered Another major problem of

organtransplatationis shortag of organdonors.

The final objective of tissue enghneeringis to solve
theseproblemsby providing biologicaltissuesandorgans
that are more excellent in both biofunctionality and bio-
compatbility thanthe convertional artificial organs.

Biodegmadabk polymersare requiredto fabricatescaf-
foldsfor cell proliferationanddifferentiation which resut

in tissue regeneration or corstructiorf®. Biodegradate
polymers are necessar also for a sustaired releaseof
growth factorsat the locationof tissueregenertion. Gen
eraly, scaffolds usedin tissueengineeing are porows and
threedimenional to encournge infiltration of a large
numter of cells into the scafolds'®. Currertly, the poly-
mersusedfor scdfolding includecollagen,glycolide-lac-
tide copolymers,other copolymes of lactide, and cross-
linked polysacchariés.

3. Ecologicalapplications

3.1 Processingf plasticwastes

The othermajor applicaton of biodegradale polyme'sis
in plasticindustiesto repacebiostabk plastcsfor main-
taining our earthenvironmentsclean

The first chace for processg of plastic wastesis
reuse,but only some plasticproductscanbe re-usedafter
adeaiateprocessg, andmary of themarevery difficult
to recycle. In thesecaes,wasesareprocesed by landill
or incinerdion, but these proceses often pollute the
environments.If biodegradabn by-praductsdo not exet
adwerseeffectson animak andplantson the earth,biode-
gradableplastics canberegaretd asenvironmentfriendly
or ecolgyical matrials. Therefore, much attertion has
been focused on manufaturing biodegradble plasics
which, howeer, should addressseveral requiremats.
They are to be low in prodwct cost, satisfatory in
mechanical properties,and not hamful to animak and
plants whenbiodegradd. The biodegradtionkineticsare
alsoanimportantissue of biodegradhle plasics.

Expect@ appications of biodegradhle polymes in
plasic industies arelistedin Tab.5. As canbe seenthe
apgications cover a wide range of industies including
agriculture, fishery, civil enghneering,construcion, out

Tab.5. Ecologicd applicationsof biodegradale polymers

Application Fields Examples
Industrial Agriculture,Forestry  Mulch films, Temporary
applications replantingpots,Delivery
systentor fertilizers
andpesticides
Fisheries Fishinglinesandnets,
FishhooksFishinggears
Civil engineeringand Forms,Vegetatiometsand
constructiorindustry  sheetsWaterretentionsheets
Outdoorsports Golf tees,Disposableplates,
cups,bags.andcutlery
Composting Foodpackage PackageContainers,
Wrappings Bottles,Bags,
andFilms, Retailbags,
Six-packrings
Toiletry Diapers,Femininehygiene
products
Daily necessities Refugebags,Cups
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Tab.6. Classifcationof aliphaic polyesters

Polymers Chemicalstructure

Examples

Poly(a-hydroxylacid)s —(O—CHR—CO)—

Poly(3-hydpbxyalkanoatgs —(O—CHR—CH,—CO)—

Miscellaneous
Poly(w-hydroxyalkanote)s

—[0—(CHy)—COl~
m=3-5

Poly(alkylenedicarboxylde)

doorleisure,food, toiletry, cosméics, andothercorsumer
produds. It is possble that the wask left as a result of

outdoa activity and sportswill stay for a long time in

natural environnents, possibly damagig them. On the
other hand,when plasticsare usedindoorsas food con-
tainersthataredifficult to separatefrom the food reman-

ing after use,the wastecanbe utilized ascompostableif

it is biodegradale.

3.2 Classificationof ecologicalplastics

Biodegmadableecolagyical plastics aredefinedaspolymers
that maintainmechanical strengthand othermateial per
formances similar to conventonal non-biodegradable
plastics during their practicalusebut arefinally degraded
to low-molecularweight compounds such as H,O and
CG;, and non-toxic byproductsby microoganismsliving
in the earh environmentsafter their usé®. Therefore the
most remakable featue of ecolaical plastics is their
biodegradbility.

In theinfancy stageof ecologica plastics,naturalpoly-
mers, especidly polysacclarides,were promising candi
datesfor biodegra@ble polymers. They included starch,
chitin, cellulose,andmucopolysacharides put not much
attention is now paid to thesepolysacclaridesexcep for
celluloseandits derivatives becausef their low proces-
sabilty in molding. However chemically subsituted,
grafted,andblendedstarchandcellulosehavebeeninten-
sively studed to improve procesability and physical
properties®3Y. For exanple, cellulose acetatehas been
proven to be a thermoplatic and exhibit good barrier
properties to grease and oil though chenical substituton
of celluloseis well known to slow down its biodegraa-
tion, while starch-ply(vinyl alcolol) (PVA) blend has
been investigded for relacementof low densty poly-
ethylene(LDPE) andpolystyrene(PS).

Among the biodegra@dble polymers that have been
most intensivdy investigaed are aliphatic polyestes of
both natual and syntetic origins. Their chemcal struc-
tures are given in Tab.6. They are excep for poly(a-

—[0—(CHp)w—O0—CO—(CH,);—COJ—

R:H Poly(glyoolide) (PGA)

R:CH; Poly(L-lactide) (PLLA)

R: CH; Poly(3-hydroaybutyrate)(PHB)

R:CHjz, C;Hs
Poly(3-hydroxybtyrate-co-3-hydroxyvaleratePHBV)
m = 3 Poly(y-butyrolactong

m = 4 Poly(-valerolactone)

m =5 Poly(e-caprolatone)

m=2,n=2 Poly(ethylenesuccinatePES)

m=4,n =2 Poly(butylenesuccinatg (PBS)
m=4,n=2,4
Poly(butylenesuccinateco-butyleneadipatePBSA)

hydroxyaad)s’>3®) degaded by enzymesexcreted from
microomanisms.

The synthess of poly(a-hydroxyacid)s suchaspolygly-
colide or poly(glycolic acid) is carriedout by direct con-
densation polymerizaion of HO—R—COOH or ring-
openingpolymerizationof —R—CO—0—R—CO—0O—".
The former polymeization generally yields oligomers
while the latter resultsin high-molkecularweight poly-
mers.Pdy(hydroxyalkanoate)§PHA) arebiosynhesized
by microomgarisms such as Bacillus megaterium using
starch from com and potato as raw mateials, while
poly(w-hydroxyalkanoag)saresynthesizedoy ring-open-
ing polymerization of lactone&®. Poly(alkylene dicar
boxylates are generally prodwced by condensabn of
prepolymershavinghydroxyl or carboxy terminal groups
usingchainextendes suchasdiisocyan&e®®. Direct con-
densationpolymerization betweenlow-molecularweight
HO—R;,—OH and HOOC—R,—COOH generally pro-
ducesonly low-molecularweight polymers.

3.3 Physicalpropertiesof ecologicalplastics

Fig. 3 shows the melting and glass-tranision tempea-
turesaswell asthetensilemoduli of represetative biode-
gradablepolymerswithout any specialtreatments,along
with thoseof typical conventonal polymers.As is appar
ent, biodegradale polymers can be divided into two
groups,that is, polyethylere(PE)-like and poly(ethylene
terephthalag) (PET)-like polymers. The biodegradale
polymerswith a relatively large numbker of methylene
groupsandplanarzigzagstructurein a moleculeare PE-
like, including poly(e-caprolactone) and poly(butylene
succinate) (PBS, while PETlike polymers such as
poly(3-hydoxybutyrate) (PHB) and poly(L-lactide)
(PLLA) have helix structuresand bulky side-clains.
However the elongation-atbreak of PHB and PLLA
observedat tensile testirg is mudch lower than that of
PET, resuting in low toughress and poor impact
strengt¥®. This mears that some modifications, for
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Fig.3. Melting and glass-trasition temperaturesand tensile
modulus of represatative biodegradale and typicd conven-
tional polymers. HDPE: High-densiy polyethylene; LDPE:
Low-density polyethylene; PA6: Nylon-6; PA66: Nylon-66;
PBS: Poly(butyl;me succinate); PCL: Poly(-caprolactone);
PET. Poly(ehylene terephthéate); PHB: Poly(3-hydoxybuty-
rate);PLLA: Poly(L-lactide); PP:Poly(propylee)

instance copolymeization, blending,or addtion, will be
requiredfor a large industrial produdion of thesebiode-
gradablepolymersasreal ecolggical plastis.

Anothe disadrantage of biodegra@dble polymers is
their low crystalliztion tenmperature,which lowers the
crystallizationrate This property brings aboutlow pro-

cessability whenfibersaremanugcturedfrom thesepoly-
mers.

Tab.7 shows the moisture barrier, oxygenbarrier and
mechanical propertes of representatie biodegadable
polymers,together with their cost?. Evidently, physical
propertiesas well asthe cost of thesepolymers depend
on their chemical and physicalstructuresThis table will
give important informaion to detemine which polymer
hasalow cost/perfemancefor respetive enduses.

3.4 Biodegradabity

Similar to biodegra@tion of celluloseandchitin by cellu-

laseandchitinase aliphaticpolyest&s undego enzymaic

degadation. Esterasesare the enzymesrespondile for

hydrolytic degradition of aliphatic polyestes®™. As this

enzymatic reactionis of heterogeeoustype, hydrolytic

enzyme moleculesfirst adsorbon the surfaceof substrate
polymers through the binding site of enzyme mole-
cules®®=® Then,the activesite of the enzymecomesinto

direct contact with the esterbond of the substratemole-
cule. Differentactivities of differenthydrdytic enzymes
for the same substrag polymer may be due to different
binding capaciies of the enzymesto the substate, as
there is no large differencein the hydrolytic activity

amag enzymes.The enzymesexcreted from microor

garisms may hydrolyze polymers to low-moleailar

weight compoundswhich will serveasa sourceof nutri-

entsto themothermicroomganisms.

An importart group of esterasgfor biodegraation of
aliphatic polyestes are lipase$?°®., Theseenzymes are
known to hydrolyzetriacylglycerds (fat) to fatty acidand
gycerol. It seens probablethat lipase can hydrolyze ali-
phaic polyestes in contrastwith aromatic polyesters,

Tab.7. Moisturebarrier oxygenbarrier, mechanichpropertiesandcostof represatativebiodegradale polymers?

Materials Moisture barrie® OxygenbarrieP’ MechanicalPropeties?  Cost($/Ib)
Collagen Poor Good Moderate 49.00-54.00"
Gelatin Poor Good NA 2.40-2.609
High AmyloseStarch Poor Moderate Moderate 0.60-0.7¢9
Methyl Cellulose Moderate Moderate Moderate 4.50-7.00?
CelluloseAcetate Moderate Poor Moderate 1.60-2.109
Starch/P¥A Poor Good Good 1.50-3.00
P(3HB-4HV) Good Good Moderate 3.00-6.00
PLA Moderate Poor Good 1.00-5.00

¥  Testconditions =38°C, 0-90%RH (RH = relative humidity). Poor:10-100g - mm/mn? - d - kPa;Moderate:0.1-10 g - mm/
mn? - d - kPa;Go0d:0.01-0.1g - mm/mn? - d - kPa(LDPE:0.08g - mm/mn¥ - d * kPa).

b Testconditions =25°C, 0—50% RH. Poor:100-1000 cm® um/m? - d - kPa;Moderae: 10—100cm?®um/n? - d - kPa;Goad: 1-10
cmPum/n? - d - kPa.(Ethylenevinyl alcohd copolymer:0.1cm?um/m? - d - kPa)

9 Testconditions =25°C, 50% RH. Moderate tensile strength(sz): 10-100 MPa, Moderate elongationat-break(es): 10-50%
(LDPE: g5 = 13MPa,¢s = 500%:;OrientedPP:os = 165MPa,¢g = 60%).

9 Finishedfilm costfrom supplier
¢ Material costrangefrom supplies.

O Compaesto $/Ib resin(andfinishedfilm) costsfor LDPE: $0.50($1.00; PS:$0.55($2.00);PET: $0.75($3.00).

9 Finishedfilm costfrom supplieris $4.00/lh




Y. Ikada,H. Tsuiji

2000 T T T T T T T
1500
£
[=8
(=8
. 1000
(@]
o)
}_.
500
0 :
0 10 20 30 40 50 60 70 80 90 100
BS content, mol %
Fig.4. Increasein total organic carbon(TOC) after hydroysis

of films preparedfrom copolymes of butylenesuccinate(BS)
and ethylene succinate(ES) by lipasefrom Phycomycesitens
at 30°C for 16 h asa function of the BS contentin the copoly-
mers®

becausehe flexibility of the main-chainand the hydro-
philicity of aliphatic polyestes is so high to allow inti-
mate contact betweenthe polyesterchain and the active
site of lipases in marked contrastwith the rigid main-
chainandhydrgphobicity of aromaticpolyestes.

The biodegradaliity of polyestes is investigaed in
terms of the hydrophilic/hydrophobic balarce of poly-
estermolecules,since their balarce seemsto be crugal
for the enzymebinding to the substrateand the subse-
guent hydrolytic action of the enzyme. Interesingly,
lipasesare not able to hydrolyze polyestes having an
optically activecarton suchasPHB andPLLAS32:3339),

The hydrolysis of PHA is catalyzed by PHA depoly
merasewhich hasa sequene of -Asn-Ala-Trp-Ala-Gly-
SerAsn-Ala-Gly-Lys- astheactivecentef?. It is reported
that PHB is hydrolyzed by PHA deplymerag more
quickly than a copolymerof 3-hydolxybutyrate (3HB)
and 3-hydroxyvalerate (3HV) [P(3HB-3HV)] but more
slowly thanthe copolymerof 3HB and4-hydroxyvalerate
(4HV) [P(3HB-4HV)]*Y. This differen@ in hydrolyss
rate may be explainedin termsof bulkinessof the side-
chainof PHA which hindersthe enzymatic attadk on the
esterbondof PHA through a sterichindranceeffect.

Both lipasesand PHA depolymease are enzymesof
the endb-type which breaks bondsrardomly along the
main-chain of the substrate polyme, in contrast to
enzymesof the exo-type which attack zippa-like the
bondsat the endof the main-chair?.

Finally, effects of the physicalstructureof the substrate
polyme's on their hydrdysis shouldbe mertioned.Fig. 4
givesthe hydrolysis rate of films preparedfrom copoly-
mers of butylere succirate (BS) and ethylenesuccirate
(ES) by lipase from Phycanycesnitensas a function of
the BS contentin the copolymerg®. It seemsthat the

35 T T T T T T

%

Crystallinty,

15 . i . I . I . I
0 20 40 60 80

BS content, %

100

Fig.5. Crystdlinity of films preparedfrom copolymes of
butylenesuccirate (BS) and ethylenesuccinate(ES) as a func-
tion of the BS contentin the copolymes*®
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Fig.6. Increag in total organiccarbon(c) andweightloss (e)

of PCL filamentsafter hydrolysisby lipasefrom Phizopusarrhi-
zusat 30°C for 16 h asa function of the draw ratio of the fila-
ment$®

enzymatc hydrolysk of the copolymes greatly depends
on the chenical compositon. However the more direct
factorinfluencingthe hydrolysisis not the chenical com
positionbut the crystallinity of the copolymerfilms, since
thereis a linear correldion betweenthe hydrdysis rate
andthe crystallinity of thefilm s, asis obvious from com-
parisonof Fig. 4 andFig. 5%, wherethefilm crystallinity
is plotted agairst the chemnical composiion of the films.
Such a clear dependece of polymer hydrolysis on the
substratecrystallinity can be also recognized in Fig. 6,
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Tab.8. Physichpropertiesof PGA,PLLA, PDLLA, andPCL

PGA PLLA PDLLA PCL
Tn/°C 225-230 170-190 - 60
TI¥°C - 200-215 - 71,79
Ty/°C 40 50-60 50-60 -60
AHp (X = 100%)/(J/g) 180-207 93 - 142
Density/(g/cni) 1.50-1.69 1.25-1.29 1.27 1.06-1.13
Solubility paraméer (25°C)/(J/cnF)0® - 22.7 21.1 20.8
[a]25 in chloroform - —155=1 0 0
WVTRY/(g/m?/day) - 82-172 - 177
69/ (kg/mm?) 8—100" 12-230" 4-59 10-80°
EY/(kg/mn?) 400-1400" 700-1000" 150-190¢° —
es9/% 30-40Y 12-26% 5-10° 20-120"

¥ Equilibrium meltingtempeature.

b Watervaportransmissiomateat 25°C.
9 Tensilestrength.

9 Orientedfiber.

®  Non-aientedfilm.

% Youngs modulus.

9 Elongation-at-bre&.

wherethe hydrolysisrate of PCL filamentsis given asa
function of the draw ratio of the filament$®. Obviously,
an increasein draw ratio promotesthe crystallization of
thefilaments.

4. Dual applications

4.1 PolylactidesandPCL

Thereis agroupof polymersthatis usedfor both medical
and ecologicad applicatons. Among themare PLLA and
PCL. Both aliphatic polyestes are synhesizedby ring-
openingpolymerizaion. PLLA is degadednonenzyna-
tically in both eart environmentsand the humanbody;
while PCL is enzymatcally degraed in earth envron-
ments, but nonenzymdically in the body*~®. Here,
focusis givenon polylactide,i. e., poly(lactic acid) (PLA)
alone, becase PLA has much more appications than
PCL and, hencehasattractedmuch more attertion. The
general term “polylactides” include not only PLLA,
poly(bL-lactide), and poly(DL-lactic acid) (PDLLA), but
alsoPGA.

4.2 Synthesisf PLA

The monomes usedfor ring-opening polymeriztion of
lactides are synthesized from glycolic acid, bL-lactic
acid, L-lactic acid, or D-lactic acid. Amongthem,only L-
lactic acid is optically active and prodwced by fermenta-
tion using Lactobacilli*®.The raw materiak for this fer-
mentationare com, potato,sugarcane,sugarbeat,etc®
All of themarenaturalprodcts, similar to thoseof PHA.
This is a great advantageover corventiond polymers,
which consumenil astheir startingmateial. Naturalpro-

duds can be supplied without limit, whereasoil is
thought to be exhaused soorer or later in the future,
though some processing enegy for fermentation is
neeckd for the productionof lactic acids. The effects of
producing biodegradale polymers on natual environ-
merts should be discussednot only by consumptio of
natual resairces but also by enegy consumption and
effects of by-prodicts. However no sufiicient informa
tion concernig thisissue hasbeenobtaned sofar.

Thereis a debat on the future potental of PLLA and
PHA. Someresearchkrs think that PHA will dominae
PLLA in thefuturewhenplantsmodified with genetech
nology will becomecapalbe of producingPHA on a large
sale, while others say that ring-openirg polymerizdion
in chenical industriesis more cortrollable and prodiwces
a larger amountof polyme thanbiosynhesisin the out-
doa field. It seemdoo early to give a conclusia on this
issue, althoughit is clearthatthe mostimportart influen-
tial factor is the productioncost of thesepolymers,and
thisis a conplexissuedependingon mary factors.

The widely usedcatalystfor ring-openiry polymeriza
tion of PLA is stannousctaateandtheregulabr of chain
length is lauryl alcotol®®-*2 By charging the corcentra-
tion of theseaddtives, bulk polymerization of lactides
around 120-140°C yields PLA with molecular weights
ranging from seveal thousand to several millions™®.
Ajioka et al. succeedd in the synthegs of PLLA by a
onestep condensation polymerization of L-lactic acid
using azeotroj solventssuchasdipheny ethef?.

4.3 Physicalpropertiesof PLA

Physical propertiesof polymeric matrials dependon
their molecubr characteistics as well as orderedstruc-
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turessuchas crystaline thickness crystallinity, spherui- 4 . ] : T
tic size, morphobgy, and degee of chan orientation. ¢ (a)Tensile strength
These physical properties are very important because i
they reflect the highly orderedstructure of the materials
and influence their mechaiical properties and their
changeduring hydrolysis. Tab.8 sunmarizesthe physical
properties of PGAPLLA, PDLLA, andPCL.

O, kg/mm?®
N

4.3.1 Molecularweighteffect

T increaseswvith arisein M,, andappro@hesa consant 1
value around 180°C, while x. deceasesgradually with

the increasingM,. A physical property (P) of a poly-

meric materid in geneal can be expressd using M, by

Eq.(1):

P =Py —KIM, 1)

whereK is a constantand P, is the physical property of 160
the polymer with infinite M,. Fig. 7 showsthe physical
properties of solutioncastPLLA andPDLA films includ-
ing tensilestrengh (o8), Youngs modulus (E), andelon- 120
gation-atbreak (gg) as a function of 1/M.>). Evidently,

PLLA films have nonzero tensle strength when their 100
1/M, is lowerthan2.2 x 1075, in other words,M, is higher
than 4.5x 10%. The tensie properties almost linearly
increasewith adecresein 1/M, below2.2 x 107,

140

80

E, kg/mm?

60

40
4.3.2 Copolymerizatbn effect

Tm andx. of PLA aregenerdly reducedby a decreasén 20

tacticity. DSC thermogams of poly(L-lactide-co-glyco-
lide) [P(LLA-GA)] and poly(D-lactideco-glycolide) 0 1 2 3 4
[P(DLA-GA)] having differentL-lactide(LLA) andb-lac- 105/ M
tide(DLA) cortents(X, andXp, respectiely) areshown !
in Fig.8%). It is obvious that T,, and x. deceasewith 8 - ] » T
increasimg fraction of the GA unit, finally losingthe crys- (c)Elongation-at-break
tallizability of P(LLA-GA) andP(DLA-GA) for X, and
Xp below 0.75. Similarly, PLA stereocoplymers lose
their crystallizability for DLA contents(Xp) below 0.83
and above 0.157%9, This resultand Eq. (1) sugget that
the crystalline thickness(L.) of copolymes decrease
with increasingcomonaner content. Theresultof crystal-
lizability testsof PLA stereocoplymershaving different w
Xp from the melt implies that the critical isotadic
sequene length of PLA for crystallization is approxi-
mately15isotacticlactateunits.

Theweightof poly(DL-lactide-co-glycolide) [P(DLLA-
GA)] remairing aftertheir in vitro hydrolysisis shown in
Fig.9%. A rapid deceaseof the remaining weight is : '
observedfor P(DLLA-GA) havng high GA conents. 0 1 2 3 4
Thisis probally dueto the high hydrophlicity of the GA 10°/ M,

acceleate the hydrolysis rate of the copolymershaving  tion-at-break(zs) of solutioncastPLLA (o) andPDLA (s) films
high GA conents. asafunctionof 1/M>®
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Fig.8. DSC thermogams of P(LLA-GA) and P(DLA-GA)
having differentL- and b-lactide contents(X,, and Xp,, respec-
tively)®®

250

4.3.3 Annealingeffect

Changingthe annealingor crystallization conditions such
as anneaihg temperatureand time (T, and t,, respe-
tively) altersthe orderal structures,i. e., L¢, X, andspher
ulite sizeandmorphology, evenif the solid specimenare
fabricatedfrom a single polymer (Tab.9)%°-%%. In addk

100

80

%

(o))
o

Weight remaining,
n
o

20

Hydrolysis time, week

Fig.9. Weight remainingfor P(DLLA-GA) with DLLA con-
tentsof 100 (o), 66 (o), 42 (»), and 27% (e) as a function of
hydrolysistime®®

tion, anneang effectsof PLLA films dependon pretreat-
merts suchasmelting before anneaihg. Fig. 10 shows T,

of PLLA films subjededto differentthermalprocesesas
a function of T.82. T,, increass linearly with anincrease
in T, above 130°C, when the PLLA specimes were
melted before anneaihg [Fig. 10(B) and (C)]. This restit

means that L. increaseswith a rise in T,. On the othe

hard, the charge in T, inducedby altering T, is very

smal withoutmelting beforeannaling [Fig. 10(A)]. The

equlibrium melting tempeatures (T3), estimated by

extraplation of T, plotted aganst T, abovel120°C to T,

= T, are 181, 212 and 211°C for the PLLA films

exposedto differentthermalprocesses

Tab.9. Physica propertiesof PLLA films annealedat temperaturdl, for time t, after melting at 200°C%?

Ta ta Xe Temperaure/°C Mechani@l properties
°C min °C
Ty T T og D E 9 eg?
kg/mm’ kg/mn? %
0 600 0 60 114 177 5.0 174 27
100 600 40 177 6.2 194 11
120 600 47 177 6.2 190 7
140 600 54 183 5.8 192 6
160 600 63 191 45 21 6
140 5 0 58 108 177 4.6 168 22
140 10 0 58 108 177 45 172 19
140 20 6 58 106 177 4.6 163 21
140 30 30 58 108 181 5.0 192 18
140 60 54 182 5.6 184 12
140 600 54 183 5.8 192 6

3 Crystdlization tempeature.
b Tensilestrength.

9 Youngs modulus.

9 Elongation-at-bre&.
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2001 | PLLA is known to exhibit strong piezoelectridy when
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Fig.10. T, of PLLA films subjectedo different thermalpro-
cessesas a function of Tf2: (A) direct annealing (B) melting
(200°C) — annealing;(C) melting (200°C) — quending (0°C) —
annealing

Fig. 11 showspolarizing optical phaomicrographsof
the PLLA films annealedat different T, after meliing at
200°C®2. The sphertite size increaseswith arisein T..
Fig. 11 sugeeststhat the deceasein gg of PLLA films
prepare at high T, may be ascgibed to the formation of
large size spherlites and crystallitesin the film at high
T

polymer chairs are highly oriented. Fig. 12 showspiezo
electric consants of PLLA films as a function of the
draw ratio at room tempeaturé®. It is seenthat both
piezoeledtic consantsincreasewith anincreasein draw
ratio and becane maxmal at a draw ratio around4-5.
Interestindy, healing of a fractured bonewascleaty pro-
moted under increasd callus formation when drawn
PLLA rods were intramedullaily implantedin the cut
tibiae of cats for its internal fixation. This promotim
effect is probally ascribedto the piezaelectric cumrent
generatedy the strains acconpanyingleg moverrent of
thecats.

Molecular orientdion increasesalso the mectanical
strengthof PLLA plasics. If the orientationis performed
at low temperdures by drawing or extrusi;m under
hydraulic pressue, the resultig plastcs have an
enhancedstrengh without any significant increasein
crystallinity. Fig. 13 showsan exanple of drawing of a
PLLA rod®®. Bonefixation devicessuchasscrewandpin
can be fabricatedfrom this PLLA rod. Thesebiodegrad
abledevicesareclinically usedto replacemetdlic screws
and pins that require re-operationto remowe them after
bonehealing.

4.3.5 Blendingeffect

No high-M, polymersthat are highly miscible with PLA
arerepoted sofar. KoyamaandDoi reportedthat PLLA
wasmisciblewith PHB whenthe M, of PLLA wasaslow

Fig.11. Polarizing opticd photomicrogaphsof PLLA films annealedat 100 (A),
120(B), 140 (C), and160°C(D) aftermelting at 200°C®?
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Fig.12. Piezodectric constantsof PLLA films at room tem-
peratureasa functionof thefilm drawingratio. (o) d4, (e) €,
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Fig.13. Bending strengthof PLLA rodsasa function of draw
ratio®®

as9 x 10°%7. In this casethe increaseddensity of polar
terminal groups and the entropy of mixing may be
responsite for the high miscibility betweerthetwo poly-
mers.

Blending of two enantiomeic polymersresultsin the
formation of a stere@comple, which hasa melting tem-
perature50°C above homo-cystallites of non-blenced
PLLA and PDLA®2%:88 DSC thermogams of blends
from PLLA and PDLA having different PDLA contents
(X p) are shown in Fig. 14°2. The ster@mcomple crystal
hasa triclinic unit cell with: a =0.916nm, b = 0.916nm,
¢ =0.870nm, ¢ = 109.2°, § = 109.2°, andy = 109.8°,
wherethe PLLA and PDLA chainsare pacled side-by
sideasshown in Fig. 15,

L |

150 200
Temperature,’C

250

Fig. 14. DSC thermogamsof blendsfrom PLLA and PDLA
havingdifferert PDLA conterts (Xp)®?

5. Conclusion

As outlined above, a wide rangeof biodegradale poly-
mers are curently available. Generaly, natual biode-
gradablepolymersarehydragphilic andlow in mechanical
strength, while synthetc biodegradble polymers are
hydrophilic and have good medanical properties.There
are exceptiors suchas chitin and PHA. Applications of
biodegradale polymersin medicire andplasics industy
depend on their physical, chemica) andbiological prop-
erfies. Although many people consider biodegadable
polymersvery attractive and necessar for the co-exis-
tenee of the humansocietywith the natue, global pro-
dudion of biodegradble polymers is not as large as
expected.The major reasorfor this seemgo be not their
poa properties as materids but their high productio
costs.Consumersdo not wart to pay much for conven
tional daily productsevenif they areurgently requiredto
keepour environmentshothinside andoutsidethe human
body sde and clean. The largest challenge to polymer
sdentistsis to manufature at a reasonalyl low costbio-
degadable polymers having well-balanced biodegrad
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Fig.15. PLLA and PDLA molecular arrangemats in a stere@omplex crystd pro-

jectedon the planenormalto the chainaxis™

ability and mechanical properties.The most appropiate PP:Poly(propylene)
biodegradble polymer for the tamgetedend usewill be PS:Poly(styrene)
selectedaking into accountheratio polymer costperfor PVA: Poly(vinyl alcohol)

mane.

Abbr eviations

Polymers

HDPE:High-densitypolyethylene

LDPE: Low-densitypolyethylene

PAA: Poly(acidanhydride)

PAG6: Nylon-6

PA66: Nylon-66

PBS:Poly(butylenesuccinate)

PCA: Poly(a-cyanoacrylate)

PCL: Poly(-caprolactone)

PDLA: Poly(p-lactide),Poly(D-lactic acid)

P(DLA-GA): Poly(p-lactide-co-glycolide)

PDLLA: Poly(oL-lactide),Poly(L-lactic acid)

P(DLLA-GA): Poly(pL-lactideco-glycolide)

PEA: Poly(esteramide)

PEC:Poly(estercarbonate)

PES:Poly(ethylenesuccinate)

PET: Poly(ethylenderephthalate)

PGA: Poly(glycolide),Poly(glycolic acid)

PGALA: Poly(glycolide€o-lactide),

Poly(glycolicacid-co-lactic acid)

PHA: Poly(hydroxyalkanoate)

PHB: Poly(3-hydroxybutyrate)

P(3HB-3HV): Poly(3-hydroxybutyrateso-3-hydroxy-
valerate)

P(3HB-4HV): Poly(3-hydroxybutyrateso-4-hydroxy-
valerate)

PLA: Poly(lactide),Poly(lacticacid)

PLLA: Poly(L-lactide),Poly(L-lactic acid)

P(LLA-GA): Poly(L-lactide-co-glycolide)

POE:Poly(orthoester)

Monomers
BS: Butylenesuccinate
CL: e-Caprolactone
DLA: D-lactide
DLLA: pL-lactide
ES:Ethylenesuccinate
GA: Glycolide
LA: Lactide
LLA: L-lactide
3HB: 3-Hydroxybutyrate
3HV: 3-Hydroxyvalerate
4HV: 4-Hydroxyvalerate

Others
DSC: Differentialscanningcalorimetry
E: Youngs modulus
K': Constant
L.: Crystallinethickness
M,: Numberaveragemolecularweight
M,: Weight-averagenolecularweight
P: Physicalproperty
Po: Physicalpropertyfor infinite M,
T.. Annealingtemperature
ta Annealingtime
T.: Crystallizationtemperature
Ty Glasstransitiontemperature
Tm: Melting temperature
Ta: Equilibrium meltingtemperature
TOC: Tortal organiccarbon
WVTR: Watervaportransmissiorrate
X Crystallinity
Xoi: Mol fractionof DLA in P(DLA-GA)
[DLA/(GA+DLA)]
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Xp: DLA contentin PLA stereocopolymer
[DLA/(LLA+DLA)] or PDLA contentin enantiomeric
polymerblendsfrom PLLA andPDLA
[PDLA/(PLLA+PDLA)]

Xu: Mol fractionof LLA in P(LLA-GA)

[LLA/(GA+LLA)]

AHr: Enthalpyof melting

&g . Elongation-at-break

og: Tensilestrength
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