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[image: image3.jpg]Bictlegradable fusion system.
from Inion. The company uses a
combination of four polymers:

- trimethylene carbonate (TMC),
L-polylactic acid (LPLA), D,L-
polylactic acid (DLPLA), and

§. polyglycolic acid (PGA).

By Elizabeth S. Takacs and John Viachopoulos

Recent advances in biotechnology and polymer
science have resulted in biodegradable polymers
produced from hin-fe;edsmck resources such as
corn, soybeans, and other agricultural products:
PLA from corn (NatureWorks), PHA from microbial

“factories™ (Telles-Metabolix), TPS and its blends

(Novamontj, and so on.

Inhough these polymers are mainly | of the body shat s repairing
rebuilds

i
polymers for biomedical applications

used in packaging

applications, there s sro criterh for selecting,

est i using them in the bio

medic are based o cheir sechanical proper-

iy, bioomparibili

and biocomparibiliy make ex. and processabili

them adraciive for pro- | 6 The material is equired to perforn

ducing fibres, clips, bone | certain funcrions for a linieed time,

plates. scaffolds, drug-deiv-
ery sysiems, and implancs
Widh implavts, biodegradability
climinazes the need for removal by @

. In the case of bone
iable polymers cn
iho offer adantages over rigid stain-

fracuures, biode

lesssteel implanes. A implan that is
able will ranser the load o~ |
ane gradually as ie

degrades; with sieel, the bone does not

warny sufficient load during the healing
process, and there is
1 risk of re-fracture
when the implant is
removed
The potential of

biobased,

adable poly-

wners as candidares

in biomedical appli-
cations relaes in
most cases 10 theit
similariy o the

sracat of the part

Elizabeth Takacs and John Viachopoulos.

and hen complerely and safl

degrade and resorb in the bo

e of
maserial’s hydrophilicity aad on the
wdrolyric unstable

sdation depends on the

accessibility of
bond 0 water,
other molecules that can break these

pecific enzymes, or

chemical bonds.

Biodegradable, biobased polycrs
are cither semicrystalline or amor-
crystalline poly-

mers have higher tensile surengths and

phous marerials. Se
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moduli (siffncss) chan the amorphous
types. These properties make them
more suitable for load-bearing applici-
tions, such as orthopedic fixation and
sutues.

In contrast, amorphous polymers

have lower tensile stren
elongation, and they de
rapidly, makin
for drug-delivery systems. These poly

mees are rubber-like above their g

transition temperarure (Tg)
like below it. All these propert
influence processabilit, ap
radabilicy:

e britdleness and siiffness of

and biod

biobased, biadegradable polyimers are

msjor drawbacks in many applica

Polymers

tions. Bur using plasticisers to reduce

the g improve: processability, fesibil-
iy, and ductiliny.

Materials
There is a variety of bio-source,
biodcgradible polers with different

propertics. For biomedical applica-
. PHA, PHB, TPS, PLA,

it copolymicrs o blends with other

d

biadegradible polymers are atracting
much interest
Polyhdraszalkanoace (PHA) and

polybydroxyburyrare (PHB) are
biodegradible biocompatible thermo
plastic materials produuced by microor-

<opol

v [his Ganily compriscs mainly
ot PLB and different
of PHB and PHA.

Pl

e similar 1o those of

Iy crystalline polymer

wlenc. Tt has meliing poin of

i T of 5°C. The combi

natian of high crvstallinity and high
tig reul et produces.
| which feads o difieuley in process

| Examples of biodegradable mesh. pin.
and plar

abilit: Plasticisacion s necessary for
procesing and for improving the
propertics of PHB, Current hiomed
ical rescarch of PHA and PHB is

focusine on biodegradible implanc

marerials
Thermoplastic starch (TPS) is a very

artractive, low-cost candidare for bio

medical uses, especially in soluble,

biodegradable-polymer applicarions in

sissue scaffolds and controlled drug

delivery marrices. For example, pol
| acrvlasc-modified starch micro-parri-

cles have becn wsed as provein and

drug carriers, and starchfalbumin
micro-particles have been designed for
contalled protcin relcase [1,2

Polhactic acid (PLA) has

porcarial in numerous medical appli-
cations (e.g., surures and drug deliv-
crel Tcis a biocomparible, biodegrad
able. and bioresorbable s rystalline

d

polsester with good shapin
moslding abiliry. Biobased PLA

praduced by fermencarion, wher
comnstareh is converted inta Licric acid

| by bacrerial fermen

High molecuar-weight PLA is gen

cualy prepared by

i ing-open
polymerisation of the eyclic dimer
called latice [3]. By

conralfing the rsidence time. wemper

intermedi

atre. catalst type. and concentration

it i possible 10 control the molecular

cishtand the sterco-regularity (ratio

Juences of the o optical iso-

1.and D] of the bacric acid

o) of the PLA |4
s significant effect on chy

The siere

sl physical, and mechanical

properties, biode

wabiliny of PLA. Therefore, the

rarie of the Land D monomer con-

e i an inpormant molecular feature

« processabiliey and

i, For cxample, an unmox





[image: image5.jpg]PLA with erystallinity around 40% is
tigid and has a slow degradation ratc
{5]. These properties limit the applica-
tion of PLA for certain biomedical
applications, such as sutures, drug-
delivery systems, and implans

One way to enhance the propertics
of PLA is copolymerisation with other
biodegradable monomers. Glycolic
acid is @ widely uscd monomer for this
purpose, and a 90-to-10 mole ratio of
glycolic acid and lucic acid copolymer
has been commercialised for produc-
ing suture material (6. Figure 1 shows
the percent cryscallnity of glycolic
acid/lactic acid copolymer as a func-
on of mol-percent glycolide in the
copolymet. It shows thac the
«comonomer unit interferes with the
regular alignment of molecular chains,
and results in an amorphous copoly-
mer ac the glycolic acid mol-percent
range of 24-G6.

The mechanical properties of PLA
are relaed 1o the degree of molecular
orientation, moleculir weight of the
polymer, degree of crystallinity, and
Ty (7).

Although there are successful mar
ket examples of biobased, biodegrad-
able polymers, several factors limit
the growth potential of these poly-
mers. One is the processabilicy of the
‘marerials.

Processability
There are several challenges in el
processing biobased, biodegradable
polymers, owing to their molecular
structure. Their low shear and heat
resistance, lowe thermal sability, high
moisture sensitivity, and physical aging
sequire some modifications o the
process equipment and process param-
crers

During injection moulding, for
cxample, high temperacure, high pres-
sure, and shear force can lead t0

mechanically and cher-
mally induced changes
in the polymer chains,
altering the final prop-
ertis of the finished
product. Studics by
Yasin etal. (7] show
dhat process tempera-
e, level of shear
force, and residence:
time have a strong
effect on the process-
induced degradation of
ydrosy-buryratc-
hydroxy-valerate (PHB-
PHV) copolymers dur-
ing injection moulding,
Tewas also reported that
increasing the level of
hydroxyvalerate comonomer in the
copolymer e to reduced therms]
degradation. The higher valeratc con-
tent resulted in a lower melding point,
leading to reduced processing temper-
Allan and Bevis (8] developed a
non-conventional injection-moulding
technique, called Shear Controlled
Orientation Injection Moulding
{SCORIM), for berter controlling the.
shear force and the orientation of the
polymers. Figure 2 shows a schematic

¢

diagram of the process. Altperer et al,
191, using SCORIM, demonsirated
improvement in the mechanical prop-
ertes of biodegradable

£l
Mol % gycoiido in copoiymer

Figure 1. Percent crystallinity for glycolic aci iactic
acid copolymers as a function of compositi

mined by X-ray diffraction and differential scaring
calorimetry (DSC) measurements (61.

nter.

fems are insulficient rorque, chermal
degradacion, output variation, incorn-
plete mixing, and solid break-up. Tn
addition, the high viscosicy and shear
ratelead 1o extreme melt temperature
(viscous energy dissipation), which can
cause molecular-vweight loss, chemical
and morphological changes resulring
i poor mechanical propertics, and
changes in biodegeadabiliy

Renstad et al. [10] found significant
reductions in molccular weight in the
poly(3-hydroxyburyrace) and poly(3-
hydroxybutyrate-co-3-hydroxyalerace)
biodegradable polymers extruced at
high temperarure compazed with those

polymers. They found
that the mechanical
properics of comstarch
and PLA blends were
improved, especially
roughness.

Extrusion and fibre-
spinning aze other com-
monly used processing
echniques for produc-
ing biomedical prod-
ucrs. In extrusion, the
general process prob-

SCORM  Stbcinjocton

Figure 2. The SCORIM process (8l
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Thercfore, climinating moisture by
predrying the material will reduce the
degree of hydrolysis occurring during

processed ac low temperature.
Differential-scanning-calorimetry
sesuls also showed morphology
changes duc o the hermal teatment
duting exrusion. "
Another major challenge arising

processing,

Melt Processing of PLE
Because of the thermally unstable
nature of PLA, during melt processing,
thermally and mechanically induced
degradation (reduction

from processing biodcgradable poly-
mers i the hydrolytic sensitivity of the
polymer bonds, which also causes

decreases in molecular weight.

S —— in molar mass) and dis-
[ mosikgn coloration can occur,
©034kgm causing significant

[ ao2kgn = i

changes in the final
product. These factors
can limit the thermal
processabiliey of PLA.
Wang et al. [11] stud-
ied the influence of
process conditions of
twin-screw extrusion on
the properties of PLLA
(poly(L-actic acid)) by
asing an inline UV-vis

[TAN

Screw speed (rpm)

specrroscopy technique.
The PLLA showed
molar-mass reduction
due o thermal degrada
tion. The two major
process paramercrs

Figure 3. Normalised molar mass as function of screw
speed at 200°C and different throughput values of PLLA
i

responsible were the resi-
dence time and the heat
generated from vi
energy dissipation. The

degree of thermal degra-

Loato), st

dation was greater at low
ourpur and high screvw
RPM (Figure 3). Low
ourpuc means longer res-
ilience time, thus pro-
longing the degradation
reaction. Also, the mele
is exposed to shear and
clongation deformaton

Figure 4. Effect of molecular weight on zero-shear vis-
cosity and elasticity coofficient for PLLA at 200°C (131,
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for longer times. High screw specd
decreases resdence time but increases
the viscous encrgy dissipatic 1 and gen-
erates additionai heat in the mel

Rheology of PLA

Wang et al. (12] and Cooper-White
and Mackay (13 reported that
chain-branching and molccular
weight distriburion significandly
affect he rheological behavior of
PLA mels. Figure 4 demonsirares
the effect of malecular weight on

2ero-shear viscosity and elasticity
coeflicient for PLA at 200°C. It was
found that the exponent valuc of
molecular weight, with regard to ter-
is slightly higher than
the generally accepted value of 3.4,
The elaseicity cocffcient alsa showed
greater dependence on molecular

weight (slope - 8) than that for
monodisperse polystyrenc mels,
Cooper-White and Mackay [13]
also reported that PLA requires a
substantially lurger molecular weight
1o display similar melt viscoelastic
behaviour, ar a given temperature,
than conventioral non-biodegradable
polymers such as polysryrenc. Th
reason for the deviation i suspected

0 be steric hindrance, resulting from
excessive coil expansion or other ter-
tiary chain inceractions. Low-molec.
ular-weight PLA (My -40.000)

shows Newtonian-like belaviour ac

shear rares typical for film extusion

Flow Instability of PLA
During extrusion, polymer melis are
subjected to larg
lead to mele-flow instabilitics such as
11 slip, melt fracrure, and shark-

stresses, which can
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skin, These process phenomena are
undesirable and can lead to severe
surface discorrion and limirarion of
the maximum production rae. The
frst surface distortion thar appears
above the critical stress level is sh:
skin, which s chasacterised by fine-
scale, high-frequency, small-ampli-
tude surface de

Figure 5 compares sharkskin and
melc fracture of a biobased lincar
aliphasic polycscr (1L D) and
a synthetic alipharic-aromatic copoly- |
ester (BASF Ecoflex F), and Figure 6
compares the wall slip. | he
show that Ecoflex F
skin, and the gross melr facture
occurs at higher shear scress (- 0.58
MPa) than PLA 4042D; and P1A
exhibits geeater wll slip than
Eecoflex

no shark-

Conclusion |
Many challenges asis i the process- |
ing of biobased. biodegradhle poly- |
mers. Although factors such as proper

screvw design, revised rempecatee pro
file, and extra care in moistare control
can help overcome same of the mjos
processability problems, there i nced
for systematic tudy on the efficr of
processing on the final propercic

{enyseallnicy, mechanical prop
and biodegradag
developed maerils

e specifc requ

of these newly

SimE00 g
Sro3sea

500016

a0 le
Crassmea

re000 s

igure 6.

of the biomedical indusury, i i impor-
it 1 improve or optimise the
processability of these maerials, while
maincaining their biocompatibility,
biodegradasion, stability, and other
propertics,
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