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Packaging films was developed by melt blending polycaprolactone (PCL) with chitosan as carrier for grapefruit
seed extract (GSE). The influence of molecular weight (MW) of chitosan on the biodegradability and antimi
crobial efficacy of the blend was investigated. Lower MW chitosan accelerated the release of GSE leading to
significant improvement in plasticization, hydrophilicity and inhibition of the growth of Escherichia coli. Albeit it
did not change the film morphology as PCL and chitosan remained in immiscible phases. Biodegradation in soil
compost over 16 weeks had films with lower MW chitosan demonstrated faster rates of biodegradation with dry
weight loss reaching 27 %. This was due to earlier onset of bulk degradation. Interestingly, it was not accom
panied by accelerated depolymerisation as all blended films shared similar rates of decline in molecular weight.
The formulation of PCL/GSE using lower MW chitosan offers a promising avenue to strengthen biodegradation
and antimicrobial efficacy of packaging films.

1. Introduction
The ubiquitous use of plastics in modern economy has resulted in
plastic pollution of calamitous proportion. Packaging industry that ac
counts for 40 % of total plastic consumption (Dauvergne, 2018), espe
cially with single-use packaging, is the worst culprit of plastic waste
generation. In addressing this issue, recent efforts have pivoted towards
development of biodegradable aliphatic polyesters that can be decom
posed economically at waste composting facilities (Lim & Thian, 2021).
Polycaprolactone (PCL) is a leading biodegradable aliphatic polyester
that carries hydrolysable ester groups that underpin its intrinsic biode
gradability. The ester groups are naturally compatible with microbial
enzymes making PCL susceptible to catalytically triggered hydrolytic
scission of its polymeric chains. There has been recent focus to develop
PCL as green bio-composites to combine its biodegradable properties
with other polymers for use in biomedical applications (Ilyas et al.,
2022). PCL is a thermoplastic that is resistant to water and oil with good
biocompatibility making it a popular substitute for conventional poly
mers in food packaging applications (Funabashi et al., 2009). It is
semi-crystalline with low melt viscosity and superior rheology offering
high ease of processing; it is undoubtedly an ideal base polymer for a
blend. With low glass transition temperature (Tg) (− 60 ◦ C) and low

melting temperature (59–64 ◦ C), PCL is also a prime candidate for
blending with antimicrobial agents that have low thermal stability
(Sung et al., 2013).
In tandem, there is also an impetus to imbibe antimicrobial sub
stances into food packaging materials, to improve food safety and extend
shelf-life of food products. This is responding to consumer demands for
low intervention, natural and preservative-free food products. Antimi
crobial substances include natural extracts, essential oils, polymers (e.g.
chitosan) and bacteriocins (e.g. nisin) (Bastarrachea et al., 2011). The
use of grapefruit seed extract (GSE) as an antimicrobial agent has been a
leading interest with vast library of research. GSE is extracted from the
seed and pulp of grapefruit. It is rich in polyphenolic compounds that
include flavonoids (naringin), citric acid, ascorbic acid, gallic acid and
oleic acid (Cvetni & Vladimir-Kne, 2004; Kanmani & Rhim, 2014).
Polyphenolic compounds have the ability to penetrate and dismantle
cellular membrane to react with cytoplasm and annihilate bacterial
activity. Generally, GSE is more effective against gram-positive than
gram-negative bacteria; gram-negative bacteria with an additional cell
wall membrane are postulated to be more resistant against polyphenolic
compounds (Shankar & Rhim, 2018). Due to its glycerol constituents,
addition of GSE to polymeric films has the effect of increasing moisture
content and hydrophilicity, but also deteriorates tensile strength and
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stiffness resulting in a plasticizing effect (Lyu et al., 2019; Park et al.,
2002). In the blend used in this study, GSE is used as the primary anti
microbial active compound but it also acts as the plasticizer. Notably, it
is common for GSE to be blended with a carrier to control its rate of
release.
Chitosan is a natural biopolymer that is biodegradable with inherent
antimicrobial properties (Davidovich-Pinhas, Danin-Poleg, Kashi &
Bianco-Peled, 2014; Sogut & Seydim, 2019). Due to its poor mechanical
strength and high moisture permeability, it is commonly used as a filler.
It is also a preferred material as a carrier as it has good entrapment
ability (Martino et al., 2011; Rhim & Ng, 2007). In this study, chitosan
has been formulated as the carrier for GSE to control its rate of release in
the PCL blend. It is favoured for blending with PCL since its brittleness
can be attenuated by the superior rheology of PCL. Chitosan in itself
does not offer superior antimicrobial effects, so its biocide activity is
often augmented with other antimicrobial agents (Sung et al., 2013).
Chitosan has been found to be mostly effective against gram-negative
bacteria. The positively charged amine molecules of chitosan are
effective in attacking the negatively charged teichoic acid backbone
found in the cell wall of gram-negative bacteria. This makes chitosan a
good antimicrobial complement to GSE that is more effective against
gram-positive bacteria.
The objectives of this study were to develop a biodegradable anti
microbial packaging using PCL as the base polymer to incorporate chi
tosan as carrier for GSE, the primary antimicrobial agent. In this study,
the effects of different molecular weight (MW) of chitosan in the blend of
PCL/chitosan/GSE was investigated.

2.2. Film fabrication
For optimum antimicrobial and mechanical performance, Wang
et al. (2019) established that chitosan content in PCL blend cannot
exceed 15 % by weight ratio when chitosan/GSE was fixed at 1.0 g/mL.
Drawing on this optimum blend formulation, this study fixed PCL to
chitosan w/w at 85/15 and CHT/GSE w/v ratio at 1.0 g/1.0 mL, see
Table 1. Three different MW of chitosan were used, namely CH incor
porating high MW chitosan, CM with medium MW chitosan and CL with
low MW chitosan.
The chitosan powder was sieved with a 100 µm filter before mixing
with GSE. GSE in liquid form was stirred into chitosan powder for over
an hour to ensure complete compounding of GSE into chitosan powder
to form a uniform paste mixture. The chitosan/GSE paste mixture was
then melt blended into PCL resins using a counter rotating twin-roll
milling (323901, Brabender, Duisburg, Germany) at 85 ◦ C with rolling
mill diameter of 125 mm at 2 rpm. Extruded PCL/chitosan/GSE blend
was pressed into films using hydraulic press machine at 85 ◦ C under a
pressure of 300 MPa. Film samples were then left to pre-condition in a
dry cabinet at 24 ◦ C for at least 48 h.
2.3. Film characterisation
Film morphology of surfaces and cross-sections of the film samples
were captured using Field Emission Scanning Electron Microscope
(SEM) (JSM6010PLUS/LV, JEOL, Tokyo, Japan). Clean cross-sectional
samples of thickness 147 µm ± 13 µm were obtained cryogenically
and film samples were coated using gold sputter coater (Sputter coater
108/Auto, Cressington, Watford, England) for 40 s using a current of 10
mA.
The release rate or diffusion of GSE was measured to determine the
antimicrobial strength of test films in accordance to method outlined by
“Wang & Rhim (2016)”. The presence of polyphenolic compounds
within GSE was determined using UV–vis spectrophotometer (Shimadzu
UV-3600, Kyoto, Japan) at absorbance level of 262 nm.
Water contact angle (WCA) was captured to determine surface hy
drophilicity using Surface Electro Optics Pheonix 300, SEO, Gyeonggido, Korea. Volume of sessile drop was kept at 10 μL. Measurements
were taken at 5 random locations on each film sample.
Tensile properties were determined using tensile tester (Instron
34SC-1, Instron, Massachusetts, USA). Film samples of 5 mm × 60 mm
were put through a strain rate of 10 mm/min with an initial separation
distance of 10 mm. Average of five replicas was obtained.

2. Materials and methods
The influence of different MW of chitosan on antimicrobial efficacy
and biodegradability of the blend was studied. Chitosan was formulated
as the carrier for GSE in the PCL base to combine the complementary
antimicrobial attributes of chitosan and GSE with the superior rheo
logical strength of PCL. The PCL/chitosan/GSE blend in this study is
based on the optimal formulation established by Wang, Lim, Tong and
Thian (2019) that achieved optimum antimicrobial efficacy and tensile
performance. The optimum blend formulation was established at PCL
and chitosan at weight ratio (w/w) of 85/15 and GSE/CHT at
weight/volume ratio (w/v) of 1.0 g/mL. Glycerol constituents within
GSE would provide the plasticizing effect to improve the ductility of
brittle chitosan and processibility of the blend. Melt blending was
adopted, instead of solvent casting, for its simplicity and ease of in
dustrial adoption, without the complication of managing unsafe solvent
for food packaging applications (Rhim & Ng, 2007; Tian, Guo, Fu, Yao,
Yuan & Xiang, 2018). Thermal extrusion process would also produce a
stronger blend that is lower in moisture content, porosity and higher in
crosslinking. The low Tg of PCL would allow extrusion to be carried out
at a low temperature without detrimental thermal effects on GSE and
chitosan. Biodegradation test was carried on the composite films refer
encing guidance provided by Lim and Thian (2021) on inoculum prep
aration to activate microbial activities, keep moisture content above
50% and to ensure proper aeration to support aerobic degradation.

2.4. Antimicrobial analysis
Using Agar Diffusion method, resistance of film samples against the
growth of Escherichia coli (ATCC 25922) was determined. Solid Tryptic
Soy Agar was prepared in a petri dish and inoculated with E. coli with
even swabs on its surface. The petri dish was incubated at 30 ◦ C for 24 h.
Circular disc of film samples in 2 mm diameter were aseptically pre
pared and placed on agar assay. The solid culture was then incubated for
another 24 h at 37 ◦ C before diameter of inhibition zone was measured
using a Vernier Calliper. Average of four replicas was obtained.
Food packaging test was carried out using preservative-free bread.
Bread samples in 3 cm × 3 cm square pieces were packed into film

2.1. Materials
Polycaprolactone (PCL, 2-Oxepanone homopolymer, 6-Caprolactone
polymer) in resin form and chitosan (deacetylation >75 %) in powder
form were obtained from Sigma Aldrich Pte Ltd, Singapore. Three
different MW of chitosan were obtained, namely high MW (>375,000
Da), medium MW (190,000–310,000 Da) and low MW
(50,000–190,000 Da). Food grade grapefruit seed extract (GSE) in liquid
form containing GSE (CAS No. 90045–43–5) and glycerol (CAS No.
56–81–5) was obtained from ABC Techno Inc. (Tokyo, Japan). Com
mercial grade low density polyethylene (LDPE) was obtained from
Glad® (Clorox, Kuala Lumpur, Malaysia).

Table 1
Formulation of blended films.1
MW of chitosan
CH
CM
CL

>375,000 Da (High MW)
190,000–310,000 Da (Medium MW)
50,000–190,000 Da (Low MW)

1
Composite film blend ratio was fixed at PCL to chitosan w/w of
85/15 and chitosan/GSE w/v ratio of 1.0 g/1.0 mL.
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samples using heat sealer ensuring direct surface contact between the
bread and film samples. 3 replicates were prepared for each type of film
samples. The packaged bread samples were stored at room temperature
with relative humidity of 70 % for 28 days. Fungal growth was observed
and captured by photo-taking. Bread packaging was also carried with
LDPE and PCL films for comparison.

0.05.
3. Results and discussion
3.1. Characterisation
3.1.1. Film morphology
Composite films namely CH, CM and CL, regardless of MW of chi
tosan in the blend, shared similar morphology, see Fig. 1. Agglomerates
of chitosan were embedded in various depths within PCL matrix with
some exposed partially breaking above film surface giving a ‘pock
marked’ appearance. The distribution and orientation of chitosan par
ticles were in the direction of PCL extrusion flow. The postulation is that
chitosan agglomerates exposed at film surface (infused with GSE) should
facilitate the release of GSE for stronger antimicrobial activity. Chitosan
agglomerates were cradled within PCL matrix. Fractured surfaces where
chitosan particles were removed left behind smooth cavities evidencing
weak interfacial bond between chitosan and PCL. Previous FTIR reports
have affirmed the immiscibility of PCL and chitosan blend with limited
bonding and co-existence in separate phases (Martino et al., 2011; Wang
et al., 2019). The dispersion of chitosan particles within PCL matrix
would reduce the effective load bearing cross-sectional areas to
compromise the loading bear capacities of blended films.
In addition, GSE provided the plasticizing effect that led to cavitation
within PCL matrix and more pronounced debonding between PCL and
chitosan. The addition of GSE was found to result in formation of cavities
within polymer matrix and this was attributed to the hydrophilic com
pounds within GSE (Kanmani & Rhim, 2014).
Whereas film surfaces of PCL were smooth with parallel stretched
marks evidencing heat press flow patterns. Fractured cross-sectional
surfaces of PCL were also smooth demonstrating a uniform matrix
with good mechanical structure.
In line with previous morphology reports, this study observed the
superior rheology of PCL carrying chitosan particles in its molten flow
(Correlo, Boesel, Bhattacharya, Mano, Neves & Reis, 2005; Wang et al.,
2019). Pointedly, the MW of chitosan did not influence distribution of
chitosan particles and lamellae orientation of PCL matrix.

2.5. Biodegradation test
Soil compost was prepared by mixing topsoil with waste matter rich
in microbes obtained from aquarium filter (Lim & Thian, 2021, p. 13).
The microbial activity in the compost was activated and matured by
leaving it for two weeks with moisture content of >50 %. The film
samples were then buried in the mature compost using 15 mL centrifugal
tubes. Specifically, 7 mL of dry compost and 7 mL of distilled water were
added into each tube with a film sample of 5 mm × 60 mm buried into
the compost. The tubes were left for 16 weeks and inspected weekly. The
tubes were topped up with distilled water if excessive loss of moisture
was observed. Also, the tubes were shaken to prevent channelling and to
ensure homogenous microbial activities on film samples. Between in
spections, the caps of each tube were loosely tightened to ensure
adequate aeration for aerobic degradation.
Every 4 weeks, biodegraded samples were recovered from the cen
trifugal tubes and their dry weight loss was determined. The samples
were cleaned with distilled water and left in a dry cabinet at 24 ◦ C for at
least a week prior to taking dry weight measurement. Average of six
replicas was obtained.
Thermal properties of biodegraded film samples were determined by
adopting Differential Scanning Calorimetry using DSC-60 (Shimadzu,
Kyoto, Japan) calibrated with indium. Test cell was purged using argon
gas at 50 mL/min. Measurements were taken at a scan rate of 10 ℃/min
from 10 to 150 ℃. Degree of crystallinity (Xc) was derived using 135.31
J/g as the heat of fusion (ΔHf) for 100 % crystalline PCL (Hyun, 2015).
The weight average molecular weight (Mw) of biodegraded films was
determined by adopting Gel Permeation Chromatography using Waters
Alliance e2695 HPLC system (Waters Corporation, Milford, Massachu
setts, USA) with tetrahydrofuran (concentration 3–5 mg/mL) as the
eluent. Calibration was performed using polystyrene with MW of
580–364,000. The decline in Mw every 4 weeks was determined against
the initial Mw at Week 0.

3.1.2. Release rate of GSE
The rate of GSE release is the key attribute that dictates the antimi
crobial strength of blended films. There was a distinct spike in the
release of GSE on Day 1 for all composite films, regardless of MW of
chitosan, see Fig. 2. Then the rate of GSE release stabilised and increased
at a modest pace daily up to Day 7. Expectedly, PCL did not exhibit any
trace of GSE release. Most notably, blended films with lower MW of
chitosan demonstrated higher rates of GSE release. Specifically, test

2.6. Statistical analysis
Statistical differences of the experimental data were evaluated using
one-way analysis of variance (ANOVA) followed by post hoc tests using
t-test. In all analyses, differences were accepted as significant when p <

Fig. 1. SEM micrographs of test films a) Film surfaces at 80x magnification and b) Cross-sections at 300x magnification.
3
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chitosan agglomerates to be the point of entry for water molecules to
permeate into PCL matrix.
3.1.4. Tensile properties
Tensile test was carried out to compare the mechanical properties of
blended films against PCL and LDPE, see Table 2. The inclusion of chi
tosan and GSE, regardless of MW of chitosan, weakened tensile strength
but improved ductility. The ultimate tensile strength (UTS) of all
blended films were significantly lower than PCL film (p < 0.05), whilst
only Young’s modulus (YM) of CM and CL were significantly lower than
PCL (p < 0.05).
The load bearing capacities of blended films were predominantly
compromised by the dispersion of chitosan agglomerates within PCL
matrix. Under tensile stress, the weakly bonded interfaces between PCL
and chitosan became sites of debonding resulting in UTS that were
28–41 % lower than PCL. This also weakened the strain hardening with
elongation at break (%E) of all blended films significantly lower than
PCL (p < 0.05).
The presence of plasticizing GSE also contributed to the reduction in
UTS and weaker %E. Lyu et al. (2019) observed reduction in tensile
strength with increasing content of GSE in PCL matrix, while Ferreira,
Nunes, Castro, Ferreira, and Coimbra (2014) observed similar deterio
ration with chitosan films incorporated with grape pomace extracts. In
this study, GSE was first mixed and infused into chitosan, this facilitated
the plasticization of brittle chitosan. Potentially, the amino groups of
chitosan protonated destructurating the chitosan polymer chains due to
electrostatic repulsion (Martino et al., 2011). This weakened the inter
molecular hydrogen bonds; but strengthened the interaction between
polar groups of chitosan and carbonyl group of PCL, resulting in a more
ductile blend. Kanmani and Rhim (2014) saw a similar reduction in
Young’s modulus with increasing GSE content in carrageenan film. The
plasticizing effect of GSE made the film more vulnerable to delamination
at lamella plane of PCL matrix, resulting in poorer %E than PCL
(p < 0.05).
Most interestingly, blends with higher MW chitosan manifested
stronger mechanical behaviours. Amongst the blended films, CH films
were strongest in tensile strength with the highest UTS at 10.0
± 0.5 MPa (p < 0.05) and highest YM averaging at 469 ± 72 MPa
(p < 0.05). This could be attributed to the stronger binding of GSE with
high MW chitosan, leading to lower diffusion of GSE into PCL matrix and
consequentially experienced a lower GSE plasticizing effect. On the
same note, the tensile properties of CM and CL were comparable and
poorer than CH (p < 0.05), this can be attributed to the comparable rate

Fig. 2. GSE release rates of test films.

films with low and medium MW chitosan, CL and CM respectively,
exhibited higher rates of GSE release.
Interaction between chitosan and antimicrobial agents is affected by
the fabrication process, release mechanisms of antimicrobial agents and
mechanical properties of the film (Malhotra et al., 2015; van den Broek,
Knoop, Kappen & Boeriu, 2015). Chitosan particles need to be exposed
above film surface and not leach away (Massouda, Visioli, Green &
Joerger, 2012). Also, low MW chitosan is understood to have stronger
antimicrobial activity. Chitosan partially exposed on film surface
became sites whereby GSE could diffuse out from the film. Also, there
was less binding of GSE with chitosan of lower MW. Chitosan with lower
MW has weaker polymeric bond may have contributed to its weaker
binding with GSE (Park et al., 2002). In so, CL and CM were expected to
have stronger antimicrobial activities than CH and PCL. In a similar
investigation, GSE was found to have stronger binding with thermo
plastic starch in a blend with LDPE than with polylactide, resulting in
slower release of GSE hence lower antimicrobial activity (Wang & Rhim,
2016).
3.1.3. Surface hydrophilicity
WCA of composite film surfaces was determined to investigate the
effects of MW of chitosan on hydrophilicity of blended films, see Fig. 3.
Hydrophilic film will experience enhanced antimicrobial and biodeg
radation properties. CL, film with chitosan of low MW had the lowest
WCA (p < 0.05), hence highest in surface hydrophilicity. CM and CH,
blended films with higher MW chitosan had lower and comparable hy
drophilicity with WCA averaging at 52.4◦ ± 6.2 ◦ and 53.6◦ ± 3.6 ◦
respectively. Whilst PCL with the highest WCA at 73.6◦ ± 5.1 ◦ eluci
dated its more hydrophobic nature.
This corroborated with the UV–vis observation whereby blends with
lower MW chitosan had higher rate of GSE release. Chitosan of lower
MW had weaker polymeric bonds hence poorer entrapment ability that
encouraged the release of GSE (Park et al., 2002), increasing hydro
philicity of the film. The hydrophilic nature of GSE is attributed to its
ability to attract moisture by making hydroxyl group available to water
molecules (Kanmani & Rhim, 2014). Additionally, lower MW chitosan
that is lower in surface energy will enhance the wettability of blended
films (Moradi et al., 2012; Wu, 2005). Its higher solubility allowed

Table 2
Mechanical properties of test films3.

LDPE
PCL
CH
CM
CL

UTS
(MPa)

YM
(MPa)

%E
(%)

13.7 ± 0.5a
13.8 ± 2.2a
10.0 ± 0.5b
8.3 ± 0.4c
8.1 ± 0.7c

448 ± 46a
584 ± 116a
469 ± 72ab
269 ± 73b
212 ± 67b

21.5 ± 1.9a
109.1 ± 17.6b
24.4 ± 3.9a
19.3 ± 4.5a
21.0 ± 6.4a

3
Data with different letters within the same column are significantly different
based on t-test at p < 0.05.

Fig. 3. Water contact angles of test films 2.
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of release of GSE by CM and CL.
As testament to the superior rheology of PCL, UTS of blended films
though poorer than PCL were comparable to those of LDPE and still
within the range for commonly used plastics in food packaging appli
cations (Bastarrachea et al., 2011).

Whereas there was no sign of fungal growth on all three composite films,
regardless of MW of chitosan, even after 7 days, see Fig. 4b. In a similar
study, fungal growth was only observed on bread samples packed with
PCL/chitosan films with lower GSE content ( Wang et al., 2019). At Day
28, fungal growth on bread packed with LDPE and PCL were extensive,
while those packed with blended films persisted with no sign of fungal
growth (photos not shown). All blended films outperformed LDPE and
PCL in resisting fungal growth.

3.2. Antimicrobial efficacy test
3.2.1. Agar diffusion
The microbial inhibition behaviours of blended films were distinctly
apparent, whereas PCL films produced no inhibition zone at all, see
Fig. 4a. The diameters of inhibition zones of CM and CL against E. coli,
averaging at 20.2 ± 0.9 mm and 19.8 ± 0.5 mm respectively, were
comparable and distinctly larger than those produced by CH films
(p < 0.05). The higher rates of release of GSE by CM and CL films in
Fig. 2 have led to their stronger antimicrobial efficacy.
Rate of GSE release is intimately influenced by the base polymer,
carrier, film design and fabrication process. Sogut and Seydim (2018)
reported a bilayer film of PCL/chitosan slowed down the release of GSE.
Also, they found heat pressing GSE into the bilayer rather than coating
on also created a stronger binding. In this study, the incorporation of
lower MW chitosan weakened binding with GSE and strengthened mi
crobial inhibition behaviour against E. coli. Additionally, this study
demonstrated that the antimicrobial performances of both chitosan and
GSE were not compromised at extrusion temperature of 85 ◦ C or lower.

3.3. Biodegradation
3.3.1. Film morphology
After 16 weeks of soil composting, the biodegradation and physical
deterioration of test films was clearly evident through SEM observations,
see Fig. 5.
PCL
At Week 4, surface erosion of PCL was evidential with emergence of
spherulites on film surface. The smooth surfaces of PCL with parallel
lines of stretched marks from pressing plates in Fig. 1 were lost due to
surface erosion. Biodegradation of PCL was characteristically initiated
with surface erosion as the hydrolytic fracture of PCL took place on film
surface (Woodruff & Hutmacher, 2010). Microbes adhered themselves
to the surface of PCL and preferentially attacked the amorphous regions
to reveal crystalline spherulites (Jenkins & Harrison, 2008). Surface
erosion of PCL continued through to Week 12, as appearance of spher
ulites persisted.
Only at Week 16, there was onset of bulk degradation with the for
mation of indentations of size 50–100 µm on film surface. Water mole
cules had successfully penetrated through PCL surface leading to
hydrolysis of PCL matrix just beneath the film surface.

3.2.2. Bread Packaging
Bread packaging evaluation was performed to determine the antifungal efficacy of test films. The first sign of fungal growth surfaced
on the 4th day on bread samples packed with LDPE and PCL films.

Fig. 4. Antimicrobial assessment of test films a) Inhibition zones
5
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and b) Bread packaging at Day 7.
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Fig. 5. SEM micrographs of test films buried in soil compost over 16 weeks (at 200x magnification).

CH
At Week 4 of soil composting, CH manifested more severe surface
erosion than PCL with fine cracks propagating through its surface. There
was large area of PCL crystalline spherulites due to preferential degra
dation of amorphous regions of PCL. In addition, only the heads (not the
body) of chitosan agglomerates could be seen partially protruding
through film surface. Surface erosion was the predominant mechanism
of biodegradation at this stage with minor onset of bulk degradation. No
cracks were observed on biodegraded PCL films throughout the 16
weeks of composting.
At Week 12, surface erosion transitioned into bulk degradation as the
primary mechanism of biotic degradation as there was widening cracks
that were 10 µm wide. By Week 16, the cracks on CH film surfaces gave
way to formation of craters that were 100 µm wide. Nonetheless large
area of film surface remained intact with large distribution of PCL
spherulites.
Biodegradation of pure PCL was initiated with surface erosion
through hydrolytic fracture of PCL chains on substrate surface. Whereas
for blended films, the biodegradation of immiscible blends is influenced
by the degradability of the most readily biodegradable component,
chitosan. Wu (2005) found the addition of chitosan that was more
biodegradable than PCL accelerated the biodegradation of the blend.
Chitosan is a biopolymer carrying hydrolysable functional groups,
amino and hydroxyl, that makes it susceptible to biotic degradation.
Also, chitosan particles became sinks that absorbed moisture and gate
ways for water molecules to permeate into PCL matrix facilitating
biodegradation.

CM / CL
At Week 4, both CM and CL exhibited similar extent of degradation
as CH and PCL films. There were roughened surfaces and large areas of
crystalline spherulites. Fine crack lines propagated through film surfaces
and heads of chitosan agglomerates were partially protruding through
film surfaces. This corroborated with the dry weight loss observations at
Week 4 in Fig. 6, whereby the extents of biodegradation of PCL and
blended films were similar.

Fig. 6. Dry weight loss of test films over 16 weeks of biodegradation 5.
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faster biodegradation rates.
Prior investigations mostly focus on the MW of base polymer to
enhance biodegradation (Cook, Cameron, Bell & Huang, 1981; Jenkins
& Harrison, 2008). In this study, instead the MW of carrier, chitosan,
was the focus. Pointedly, lower MW chitosan in the PCL/chitosan/GSE
blend played a pivotal role in accelerating biodegradation.

However, at Week 8, both CM and CL underwent far more severe
degradation than CH and PCL films as there was earlier onset of bulk
degradation. The film surfaces cracked into PCL matrix with formation
of craters that were 100 µm wide. Biodegradation had transitioned from
surface erosion into bulk erosion, water molecules had successfully
penetrated into PCL matrix. This was accompanied by sharp losses in dry
weights of CM and CL film samples in Fig. 6.
Formation of craters on CM and CL film surface continued through to
Week 16. There was also a reduction in surface area with spherulites, as
increasing area of film surface was lost to deeper and larger craters,
resulting in a more roughened and slated film morphology. Craters
larger than 100 µm were found, causing the PCL surface to cave into the
matrix. Also, the full body of chitosan agglomerates became exposed and
not just their heads. This was because the top skin layer of PCL film had
eroded away, revealing the inner PCL matrix and chitosan agglomerates.
Ease of degradation increases with decrease in MW of polymer (Gu,
2003). Comparatively, CM and CL underwent more severe biodeterio
ration than CH. Lower MW chitosan is higher in solubility making it
more vulnerable to water permeation hence biodegradation. Also, CM
and CL released GSE at faster rates would produce more hydrophilic
films that were more conducive for biotic activities. Biodegradation
would begin at chitosan agglomerates and its surrounding PCL matrix
and spread progressively into the matrix.

3.3.3. Crystallinity and molecular weight
3.3.3.1. Differential scanning calorimetry
All biodegraded test films, blended and PCL, exhibited increases in
their crystallinities over 16 weeks of soil incubation, see Fig. 7a. This
was a re-affirmation of preferential degradation of amorphous domains
highlighted in Fig. 5. Amorphous domains with loosely packed polymer
chains are more vulnerable to microbial enzymatic attack than crystal
line domains (Eldsater et al., 2000). In addition, amorphous domains are
more hydrophilic thus more conducive for biotic degradation.
There was no distinct difference in the rate of change in crystallinity
between all biodegraded test films. By Week 16, the crystallinities of test
films converged and were all above 44%. Nonetheless, CM and CL
achieved marginally higher Xc at 48.2 % and 47.6 % respectively with
slightly higher rates of degradation at amorphous domains.
3.3.3.2. Gel permeation chromatography (GPC)
GPC was performed on test films to determine the shift in MW dis
tribution that accompanies depolymerisation. Pointedly, PCL test films
distinctly had the slowest rate of decline in Mw, vis-à-vis slowest rate of
depolymerisation, see Fig. 7b. There was a lag in the depolymerisation of
PCL; at Week 4, the loss in Mw by PCL was negligible at 0.2 %, while all
blended films exhibited higher than 6 % loss. At Week 16, the loss in Mw
by PCL films only reached 10.8 %, meanwhile all blended films had
exceeded 15 %. There was marginal difference in the loss of Mw between
all blended films and were all higher than PCL films.
The higher dry weight loss by CM and CL was not accompanied by
higher loss in Mw. Depolymerisation was not accelerated with earlier
onset of bulk degradation. Lower MW of chitosan did not facilitate
depolymerisation despite accelerating bulk degradation. Rather, rate of
depolymerisation was mostly accelerated by the presence of chitosan
and GSE in the blends.

3.3.2. Weight loss
The loss in dry weight of biodegraded film samples was captured to
determine the rate and extent of biodegradation over the 16 weeks of
biodegradation test. At Week 4, all test films had similar losses in dry
weights averaging at 6–8% (p < 0.05), see Fig. 6. This lined up with the
SEM observations at Week 4 in Fig. 5 whereby all biodegraded films
underwent similar extent of surface erosion. Surface erosion whereby
enzymatic hydrolysis only take place on substrate surface produces
insignificant weight loss therefore manifests only slow degradation rate
(Mergaert, Webb, Anderson, Wouters & Swings, 1993).
At Week 8, composite films with lower MW of chitosan, CM and CL,
started to exhibit sharper losses in dry weight. The apparent lag in
weight loss was not characteristics of biodegradation of PCL (Funabashi
et al., 2009) and could be attributed to the microbial inhibition effect of
GSE in the initial 4 weeks. GSE could potentially have been totally
exhausted from the film by Week 8 thus resulting in sharper losses in dry
weight. The sharp losses continued through to Week 16. At which point
dry weight losses by CM and CL averaged at 19% and 27% respectively,
significantly higher than CH and PCL (p < 0.05) which averaged at 12%
and 13% respectively. This agreed with SEM observations whereby CM
and CL underwent bulk degradation at Week 8, earlier than CH and PCL
films. Bulk degradation would see water diffusing into PCL matrix
resulting in hydrolysis of PCL bulk leading to greater weight loss. The
higher hydrophilicity of CL in Fig. 3 would also have contributed to its

3.3.4. Tensile properties
The deterioration in the intrinsic physiochemical structure of bio
degraded test films was accompanied by decline in their mechanical
attributes, see Fig. 8. The formation of craters and propagation of cracks
in biodegraded films resulted in significant decline in their mechanical
properties.
At Week 4, all blended films exhibited similar sharp decline in their
UTS, falling from average of 7.8 M Pa (Week 0) to 4.6 MPa (Week 4).

Fig. 7. 16 weeks of biodegradation a) Increase in crystallinity and b) Rate of decline in Mw.
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Fig. 8. Mechanical properties of biodegraded film samples a) UTS

6

and b) %E 7.

This was due to crack propagation found on blended films at Week 4.
This decline continued more gently to Week 16 reaching average of
3.2 MPa. Tensile strengths of blended films were more severely
compromised than PCL films. PCL films held up their average UTS at
> 12 MPa and only dropped at Week 16 to 6.9 MPa with onset of bulk
degradation. Appreciable deterioration in mechanical strength only
takes place with onset of bulk degradation that works through the bulk
of polymer (Shah, Hasan, Hameed & Ahmed, 2008).
As a side note, no CL tensile properties could be obtained for Week
16, as physical fragmentation of CL was so severe that not a single
unfragmented CL film could be recovered for tensile test.
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Blending lower MW chitosan incorporated with GSE into a PCL blend
strengthened the antimicrobial efficacy and enhanced biodegradability
of the film. Lower MW chitosan had weaker binding with GSE allowed
for its faster release creating a film that was more hydrophilic and
stronger in antimicrobial efficacy against E. coli. In bread packaging test,
the blended films outperformed PCL and LDPE in resisting fungal growth
up to 28 days. Lower MW chitosan did not influence the film
morphology. PCL and chitosan co-existed in an immiscible blend with
mechanical strength that was poorer than PCL, albeit still comparable to
food packaging grade LDPE. Composite films were also more ductile
than PCL films.
Having lower MW chitosan in the composite accelerated biodegra
dation, achieving dry weight loss as high as 27 % after 16 weeks of soil
composting. Lower MW chitosan became gateways for easier perme
ation of water molecules into PCL matrix, enabled earlier onset of bulk
degradation that accelerated biotic degradation. Both PCL and blended
films showed similar extent of preferential degradation of their amor
phous domains as they shared similar rate of increases in their crystal
linities. Interestingly, blended films demonstrated comparable rates of
depolymerisation that were more pronounced than PCL films, eluci
dating MW of chitosan did not influence the rate of depolymerisation.
Rather, it was the presence of GSE and chitosan that accelerated depo
lymerisation. The formulation of PCL/chitosan/GSE blend using lower
MW chitosan offers a promising avenue to deliver packaging film with
stronger antimicrobial and biodegradation efficacy.
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