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ABSTRACT

Theaimsof the study wereto investigate the effect of poly (e-caprolactone)
(PCL) and Sodium Montmorillonite (MM T-Na) within the thermoplastic
starch (TPS) blends on the rate and extent of starch enzymatic hydrolysis
using enzymes o-amylase and amyloglucosidase. The results of this study
have revealed that blends with a MM T-Na content at 6 wt% exhibited a
significantly reduced rate and extent of starch hydrolysis. The results
suggest that this may have been attributed to interactions between starch
and MMT-Na that further prevented enzymatic attack on the remaining
starch phases within the blend. The total solids that remained after 3000
minwere52 wt.% (TPS: PCL); 56.3 wt.% (TPS: PCL: 2% MMT-Na); 61.7
wt.% (TPS: PCL: 4% MMT-Na); 65.4 wt.% (TPS: PCL: 6% MMT-Na).
Enzymatic degradation behaviour of TPS; PCL: MM T-Nawasbased onthe
determinations of Water resistance, Weight loss and the Reducing sugars.
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INTRODUCTION and itsdegradation products should not be cytotoxict”.

Theuseof synthetic degradablepolymersasbiomaterias

Biodegradabl e polymershavebeen extensively in-
vestigated sincethe 1970sin order to protect the envi-
ronment from non-biodegradabl e plastic wastes*2.
Among such compounds, starch hasreceived much at-
tentioninitsuseashiodegradable packaging materias
becauseitisreadily availableat alow cost and hasvery
fast biodegradability®¢. Apart from favourable
physico-chemica and mechanical properties, abiode-
gradabl e polymer to be used in medical applications
needs to be biocompatible in aspecific environment

impliesthey are biocompatible by themsel vesand the
useof particular additivesand/or processing technolo-
gies should not interfere with the biocompatible
behaviourt®. Among biodegradable polymers, poly (e-
cgprolactone) (PCL), asynthetic diphatic polyester, has
been widely used in medical, packaging and agricul-
tural applications because of itsexcellent mechanical
properties, includingitsflexibility. Themgor disadvan-
tageof PCL isitsprice, whichlimitsitswider useasa
substitutefor conventiona polymers. Polymericblends,
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i.e., mixturesof two or more polymersthat may or may
not be biodegradable, arecommonly usedintheplastic
industry®. Inparticular, blends of PCL and natura ma-
terials, such asstarch and cellulose derivatives'® have
been extensively studied because of their lower cost
compared to other materia §*. Amyloseislinear and
itscompositionisaround 25%inthestarch. Amylopectin
isbranched and hasahigher molar massthan amylose,
itisfoundto bearound 75% in the starch composition.
Thelinear portion of amylopectinformsdoublehelica
structures stabilized by hydrogen bonds between the
hydroxyl groupsandformsthecrystdlineregion of sarch
granules. Theamorphousregioniscomposed of amy-
loseand amylopectin chaing'?. Starchiscurrently used
inthedevel opment of thermoplastic materids. Thead-
dition of starch to synthetic polymersenhancesthemi-
crobiological degradation of theblend. Starch can be
processed asathermopl astic and a so can beincorpo-
rated asafillerintraditional plasticsor associated with
plasticizers. Enzymétic degradetion, usng a-amylaseand
amyloglucosidase, isoneof anumber of possiblemeth-
odsthat can beemployed to hydrolyse starch2 3, Both
fractionsarereadily hydrolysed at the acetal link by
enzymes. The a-1,4-linkage in both components of
starch is attacked by amylase; the a-1,6- linkage in
amylopectinisattacked by glucosidases®?. a-amylase
areendoamylasescataysing thehydrolysisof internal
a-1, 4- glycosidic linkagesin the starchin arandom
manner. Themicrobial o- amylasefor industrial pur-
posesare derived mainly from Bacilluslicheniformis,
Bacillus amyloliquefaciens and Aspergillus oryzae.
PCL was chosen because starch/ PCL blends have
demongtrated excellent compatibility. Ganet d. (1999)
reported that PCL was easily degraded by lipasesfrom
microorganisms, especidly Pseudomonas®. Similarly,
Marten et a. (2005) a so studied the effect of enzymes
on polyesters®®, Li et al. (2003) described asystemto
study the biodegradation of PCL and poly (L-lactide)
blends using a Pseudomonas Lipase®. The addition
of poly (L-lactide) to PCL markedly reduced the deg-
radation of theformer polymer. Inthissystem, the pres-
ence of cracks and an elevated lipase concentration
favoured enzymatic degradation. Sivalingam et al.
(2003) studied the enzymatic biodegradation of PCL
by two enzymes, novozyme435 and lipol ase, and found
that therewaslessdegradation withtheformer enzyme
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than with lipolase. Braganca (2003) reported that
hydrolysiswasthe principa mechanismfor thebiodeg-
radation of Celluloseacetate (CA), withthefirst step
asdepolymerizationand being in contact with extrace -
[ular microbial enzymes; theresulting oligomerswere
then easily phagocytosed by thecell s, foll owed by min-
erdization®®, Thecurrent paper sudiesthea-amylase
and amyloglucos daseactionson starch/ PCL composite
film containing MM T-Naat temperature 37 °C. The
modificationsinduced by theenzymatic trestment were
evidenced by determination of weight loss, water ab-
sorption capacity, sugarsrel eased during biodegrada-
tion, aswell asby UV spectroscopy and Total sugars
wereestimated by dinitrosalicylic acid (DNS) method.

EXPERIMENTAL

Materials

Starch (ST) was provided by Merck company, and
PCL (typeP-767) wassuppliedin pellet form by Dow
Quy mica S.A. (Cubata™ o, SP, Brazil). The melt flow
at 80°C was 1.970.3 g/10 min (ASTM D-1238), with
adengty of 1,145 kg/m? and aaveragemolecular weight
(Mw) of 50,000. The water used was distilled and
deionized water. a-Amylase (source from Bacillus
SQubtilis) and amyl oglucos dase (sourced from Aspergil-
lus niger) The clay used in this study was based on
naturaly occurring sodiummontmorilloniteclay (Cloisite
Nat+ — supplied by Southern Clay Products) — Na-
MMT and Reagent DNSwas used for determination
sugarsrel eased during degradation.

Film prepar ation

The nanocomposite of PCL with TPS containing
sodium montmorillonite clay were prepared by casting.
The nanocomposite have been prepared from 50 wt%
PCL—50 wt% starch containing small amounts of plasti-
cizers, stabilizersand destructuring agents (stabilizersor
destructuring agentssuch assodium montmorilloniteclay
and plasticizer suchasglycerol). Thesolutionswerepre-
pared by dissolving the materia in 10% (w/v) acetone,
withgtirringat 60+ 5 °C for 6 h. The mixtures were then
poured into culture dishes and the sol vent was allowed
to evaporatein an amosphere saturated with acetone.

Enzymatic degradation test
Each samplewasplacedinavid filledwith20ml
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of 0.05M phosphate buffer, pH 6.9, containing 1.0 mg
of amyloglucosidaseand 1.0 mg of a-amylase, and then
incubated in athermostatted oven at 37 °C. The buffer/
enzyme system waschanged for every 24 hduring the
evauation periodin order to maintaintheorigina leve

of enzymatic activity. For every 48 h, thesampleswere
removed from theincubation medium, washed withdis-
tilled water, wiped dry, weighed, and examined by light
microscopy before being returned to the incubation
medium. The controls cons sted of samplesincubated
in buffer without enzyme. Thedried sampleswere cut
into 4 cmx 4 cm square specimens, weighted, and im-
mersed intheconical flasks. Theflaskswereplacedin
ashakingincubator (Fanavaran Sehand Azar Co. 1SH
554D, Iran) with arate of 180 rpmfor 50 hat 37 °C.
After1,2,3,5,7,9,12, 18, 24, 29, 36, 40, 45 and 50
h, the sampleswereremoved and rinsed with distilled
water to removethe enzymes, dried and weighed, re-
spectively. Thedegreeof enzymatic degradetion (DED)
wascaculated as.

DED % = (W~ W,)/ W x 100

where W, representstheinitial weight of aspecimen
and W, istheweight of aspecimen after degradation.

Water absor ption test

Pieces of thefilmswere placed in afreeze dryer
(Pishtaz Engineering Co, FD-4, Iran) and dried for |east
24 h. then sampleswere weighed for the dry weight,
andthenplacedinabathindigtilled water at roomtem-
perature. After 1,2,3,5,7,9, 12, 18, 24, 29, 36, 40,
45, 50 h, the sampleswereremoved from distilled wa-
ter and weighed. The water absorption capability
(WAC) was cal cul ated with the equation bel ow:

WAC % = (W, - W, )/ W, x100
WhereW  representstheweight of thewet specimen
andW dy representstheweight of the dry specimen.

Detection of reducing sugars

Thereducing sugarsin the degradation solutions
were quantified by the dinitrosalicylic acid method: 1
ml of reagent DNSwas added to 1 ml of thesampleto
beanaysed. usng 1 mg/ ml glucosestock solutionasa
standard. At the same time, the blank was prepared
using 1 ml of control sample. Themixturewas heated
at 90-100 °C for 10 min. After cooling to room tem-
perature, 5ml of distilled water was added, and the

absorbance at 540 nm was measured. Therespective
carbohydrate concentration was obtai ned by compari-
sonwithastandard curve.

Scanning electronic microscopy (SEM)

Themorphology of the surface of thefilms, before
and after biodegradation, wasinvestigated using ascan-
ning electronic microscopeof XL 30type (Netherland).
Thefilmswerecovered with puremetalicAg. Thelay-
ing down of Agwas carried out using evaporation of
the metal under ahigh vacuum, to giveathickness of
around 100A°.

RESULTSAND DISCUSSION

Degradability of polymersisacritica functiondity
for thair gpplication. Currently, no officid stlandard method
was established in determining biodegradability of poly-
mers. The enzyme method™® the microbiological
method®! and the soil buria method®! have been used
by different researchers. Moreover, the biodegradabil ity
wasalso recorded by diverseindexeseveninthesame
method®. The current paper studiesthea-amylaseand
amyloglucod daseactionsonstarch/ PCL compositefilm
containing MM T-Naat temperature 37 °C. Bajpai and
Shrivastavad? who studied the biodegradation of car-
boxymethyl-cellulosef starch blends, found thet, at small
amountsof starchintheblend, ahigh percent of weight
lossoccurred while, at high starch contents, theweight
losswaslower. Thisvariation wasexplainedinthefirst
case, by theincrease of the number of starch molecules
contacting thea-amylase, sothat theamount of degraded
starchwashigher. At high starch contents, the materia
becomesmuch morecompact, which hindersthea-amy-
lasediffusoninthepolymer film.

Weight lossand water uptake

Thewater absorption cgpacity and thedegradability
arethe most important propertiesfor biodegradable
materias. Thewater absorption capacitiesof the TPS:
PCL: MMT-Nablend filmwerefoundto have signifi-
cant difference. Theincrease of nanoparticaleleadsto
the decrease of both weight loss and Water uptake
Figuer 1 and Figure 2 clearly show that degradationis
much more pronounced whenthe WAC %ishigh. A
comparison between the variation of the DED % and
WA C % with respect to MM T-Naclearly show that
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degradationismuch more pronounced whenthewater
sorptionishigh. Thetota solidsthat remained after 3000
minwere52wt.% (TPS: PCL); 56.3wt.% (TPS: PCL.:
2% MMT-NQ); 61.7 wt.% (TPS: PCL: 4% MMT-
Na); 65.4wt.% (TPS: PCL: 6% MMT-Na). TPS; PCL
exhibited both ahigh water sorption and themost Sig-
nificantweight loss.
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Figurel: Enzymatic degradability of the TPS: PCL (), TPS:

PCL: 2% MMT-Na(m), TPS: PCL: 4% MMT-Na(),TPS:

PCL: 6% MMT-Na(®)

WAC %

Time (hours)

Figure2: Water absor ption capability (WAC) of the TPS:
PCL (A), TPS: PCL: 2% MMT-Na(m), TPS: PCL: 4% MMT-
Na(e),TPS: PCL: 6% MMT-Na (@)

Rateand extent of glucose production

Therateand extent hydrolysisby theactionsof a-
amylaseand amyl oglucos dasewas measured using the
DNS method glucose assay of four blends of varying
MMT-Na. The production of glucose was used as a
measure of starch hydrolysis. Figure 3. Showsthe ex-
tent of glucose over a50 h hydrolysistimefor each sub-
drate. Fgured. illustratesstheinitid rateof glucosepro-
duction by each substrate up to ahydrolysistime 10 h.
Therateof glucose productionwascal cul ated; refer to
TABLE 1. by assuming alinear relationship between
the concentration of glucoseandtimefor thefirst 10h of
hydrolysis. Theratesof glucose productionfrom each
composite substrates, weremost rapid for thesubstrate

without MM T-Naand decreased with the addition of
MMT-Na, for TPS: PCL blend (374 ug/ml.h), 289 ug/
ml.h (TPS: PCL: 2% MMT-Na), 267 ug/ml.h (TPS:
PCL: 4% MMT-Na), 219 pg/ml.h (TPS: PCL: 6%
MMT-Na). Therateof starch hydrolysiswasmost rapid
for the substrate Starch/PCL and decreased with the
additionof MMT-Na Theamount of reducingsugarsin
thedegradation solutions, reduced by dinitrosdicylicacid,
increased sincethe beginning until theend of the assay
thereativeamount of reducing sugarsinthe degrada-
tionsolutionsinsmilar assayswithout enzymeswasabout
100 timeslower. Oneof the routesof biodegradationis
by hydrolysis, and theenzymatic hydrolysisof sarchis
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Figure 3 : Concentration of glucose produced for
nanocompositefilmsin the 50 h of enzymatic degradation
duetotheaction of <alpha>-amylaseand amyloglucosidase.
TPS: PCL (¢),TPS: PCL: 2% MMT-Na (@®),TPS; PCL: 4%
MMT-Na(A),TPS: PCL: 6% MMT-Na (m)

TABLE 1: Asummary of theratesof glucose production due
to the action 1.0 mg of amyloglucosidase and 1.0 mg of -
amylasefrom each substrates

substrate Rate (ug/ ml. h) R2
TPS: PCL 374 0.99
TPS: PCL: 2% MMT-Na 289 0.97
TPS: PCL: 4% MMT-Na 267 0.98
TPS: PCL: 6% MMT-Na 219 0.99

Time (h)
Figure 4 : Concentration of glucose produced for
nanocompositefilmsin thefirst 10 h of enzymatic degrada-
tion dueto the action of <alpha>-amylase and amyloglu-
cosidase. TPS: PCL (#),TPS: PCL: 2% MM T-Na (@),TPS:
PCL: 4% MMT-Na (A),TPS: PCL: 6% MMT-Na (m)
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accompanied by therel ease of glucose. Figure4 shows
the release of glucose (ug/ml) during exposureto a-
amylaseand amyloglucosidase. Theamount of freeglu-
coseincreased withtimefor the blendsshowed apeak
release of glucoseat 10 h, followed by adecline. Ap-
parently, theMMT-Nahas astabilizing effect against
the enzymatic attack, even after increasing the content
of insolublefraction.

Scanning electr onic microscopy (SEM)

Several scanning electronic microscopy images of
nanocompositesare givenin Figure 5. Onemay ob-
servethat thefilmsare considerably destroyed, although
during degradation amuch more stablefibrillar fraction
isreveded.

Figure5: Scanning eectron micr ogr aphsof degradablefilms
in 50 h of enzymatic degradation duetotheaction of <alpha>-
amylaseand amyloglucosidase: (a) TPS: PCL degraded; (b)
TPS: PCL with2wt% MM T-Nadegraded; (c) TPS: PCL with
4wt% MM T-Nadegraded; (d) TPS: PCL with6wt% MMT-
Nadegraded

CONCLUSIONS

The present study showstherole of a-amylaseand
amyloglucosi dase nanocomposites degradation. The
MM T-Nacontent significantly impacted on therate of
starch solubilistion. Thedecreaseof thedegradetionrate
observed inthefina stagecan beexplainedtothelower
degradability of the MM T- PCL domainsthat remainin
the material . After 10-50 hour, thevariationisamost
negligible, nearly zero, asno saccharidesand other com-

pounds|eached to the solution, asdemonstrated before.
Thereduction of the degradationrateisa so influenced
by thewater uptake ability of these polymers.
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