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INTRODUCTION

Poly(L-lactic acid) or poly(L-lactide) (PLLA) is one of
the most bio-based thermoplastics that has been widely investi-
gated for use in daily life as a replacement of conventional
petroleum-based thermoplastics because of its eco-friendly
nature, biosourcing, biodegradability, good tensile strength and
excellent processability [1,2]. Currently, PLLA is employed
in many applications such as biomedical, tissue engineering,
pharmaceutical and packaging fields [3-5]. However, low
flexibility and relatively high cost of PLLA often limit its use
for a wider range of applications [6-8].

Modifications of PLLA like plasticization [9] and block
copolymerization [10] have been proposed to improve the
flexibility of PLLA. The migration effect of plasticizers on
aging can be neglected for block copolymerization. PLLA has
been copolymerized with flexible polyethylene glycol (PEG)
to obtain PLLA-b-PEG-b-PLLA triblock copolymers (PLLA-
PEG-PLLA) which were more flexible and showed faster cryst-
allization than PLLA due to the PEG middle-blocks enhancing
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chain mobility [11,12]. These PLLA-PEG-PLLA have potential
for use as highly flexible bioplastics.

Microcrystalline cellulose (MCC) is a bio-filler for develop-
ment of polymer-based composites. MCC showed low density,
strong mechanical properties, high crystallinity, non-toxic,
renewability, biodegradability and low cost when it was prepared
by removing the amorphous phase of purified cellulosic fibers
via acid hydrolysis [13,14]. It is widely used in food, medical,
pharmaceutical, food, beverage and cosmetic industries [14].
Generally, used as a filler to prepare low cost PLLA-based
biocomposites [15,16]. The addition of MCC decreased tensile
stress and strain at break of PLLA whereas Young’s modulus
was increased. The PLLA/MCC biocomposites exhibited lower
flexibility than the PLLA. However, the addition of MCC
improved thermal stability of the PLLA [16].

To the best of our knowledge, there have not been any
reports for the influence of MCC addition on the properties of
flexible PLLA-PEG-PLLA bioplastics. Therefore, the objective
of this work was to fabricate PLLA-PEG-PLLA/MCC biocom-
posites. The PLLA/MCC biocomposites were also prepared
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for comparison. The thermal, morphological and mechanical
properties of the obtained biocomposites were determined and
discussed.

EXPERIMENTAL

Poly(L-lactic acid) (PLLA) and poly(L-lactide)-b-poly-
ethylene glycol-b-poly(L-lactide) (PLLA-PEG-PLLA) were
synthesized through ring-opening polymerization in bulk as
described [12]. The PLLA and PLLA-PEG-PLLA with similar
melt flow indices were used as the polymer matrices for prep-
aring the biocomposites because they have similar melt flow
properties during melt blending with MCC powder. Therefore,
the non-chain-extended PLLA (MFI = 23 g/10 min) and chain-
extended PLLA-PEG-PLLA with 4.0 phr Joncryl® ADR-4368
chain extender (MFI = 24 g/10 min) were chosen for this purpose
[12]. The microcrystalline cellulose (MCC) powder with particle
size less than 150 µm was obtained from Xi’an Sgonek Biological
Technology Co., Ltd., China. It’s degree of crystallinity was
79.3% as obtained from the XRD analysis. The morphology
of MCC particles is shown in Fig. 1.

Fig. 1. SEM image of MCC particles (Bar scale = 50 µm)

Preparation of biocomposites and their films: PLLA-
PEG-PLLA and MCC were dried in vacuo at 50 ºC overnight
to remove moisture before melt blending with a Rheomix batch
mixer (HAAKE Polylab OS). Melt blending was performed
at 190 ºC for 4 min with a rotor speed of 100 rpm. The biocom-
posites with PLLA-PEG-PLLA/MCC ratios of 100/0, 95/5, 90/
10 and 80/20 (w/w) were investigated. he PLLA/MCC bio-
composites were prepared by the same method for comparison.

The biocomposites were dried in vacuo at 50 ºC overnight
before film formed using a compression molding machine
(Auto CH Carver). The biocomposites were heated at 200 ºC
for 3.0 min without any force before compressing at 200 ºC
for 1.0 min under 5.0 ton load. The obtained films were then
quickly cooled to 25 ºC with water flow under 5.0 ton load for
1.0 min.

Characterization: Thermal transition properties of the
biocomposites were determined using a differential scanning
calorimeter (DSC, Perkin-Elmer Pyris Diamond) under the
nitrogen gas atmosphere. The biocomposites were melted at

200 ºC for 3 min to remove their thermal history, then fast quen-
ched before heating from 0 to 200 ºC at a rate of 10 ºC/min to
observe glass transition (Tg), cold crystallization (Tcc) and
melting (Tm) temperatures as well as enthalpies of melting (∆Hm)
and cold crystallization (∆Hcc). The degree of crystallinity (Xc)
of PLLA was calculated from the ∆Hm and ∆Hcc using eqn. 1:

m cc
c

PLLA

H H
X  (%) 100

93 W

∆ − ∆
= ×

× (1)

where, ∆Hm = 93 J/g for 100% Xc PLLA [17]. The WPLLA is
the PLLA weight-fraction of the biocomposites calculated from
PLLA fraction (PLLA = 1.00 and PLLA-PEG-PLLA = 0.83
obtained from 1H NMR) [12] and MCC = microcrystalline
cellulose content.

To investigate crystallization behaviours, the biocompo-
sites were melted at 200 ºC for 3 min to erase their thermal
history before cooling from 200 to 0 ºC at a rate of 10 ºC/min
to observe the crystallization temperature (Tc) and enthalpy
of crystallization (∆Hc).

Thermal stability of the biocomposites was determined
using a thermogravimetric analyzer (TGA, TA-Instrument SDT
Q600). TGA was carried out in the range of 50 to 800 ºC at a
heating rate of 20 ºC/min under a nitrogen gas flow to prevent
oxidative thermal decomposition.

The crystalline structures of the biocomposite films were
investigated using a wide angle X-ray diffractometer (XRD,
Bruker D8 Advance) in the angle range of 2θ = 5º-30º equipped
with a copper tube operating at 40 kV and 40 mA producing
CuKα radiation and the scan speed was 3º per min.

The phase morphology of the biocomposite films was
observed using a scanning electron microscope (SEM, JEOL
JSM-6460LV). The biocomposite films were cryogenically
fractured after immersing in liquid nitrogen and sputter coated
with gold to avoid charging before scanning at an acceleration
voltage of 15 kV.

The tensile properties of the biocomposite films were
measured using an universal mechanical testing machine (Liyi
Environmental Technology LY-1066B, China) with a load cell
of 100 kg, a crosshead speed of 50 mm/min and a gauge length
of 50 mm. The film sizes were 100 mm × 10 mm. The averaged
tensile properties were obtained from at least five measure-
ments.

RESULTS AND DISCUSSION

Thermal transition properties: The DSC has been exten-
sively used to determine the thermal transition properties of
PLLA-based composites [1,3,13]. The DSC heating curves of
pure PLLA, pure PLLA-PEG-PLLA and their biocomposites
are shown in Fig. 2 and DSC results are summarized in Table-
1. It was found that the Tg for PLLA/MCC and PLLA-PEG-
PLLA/MCC biocomposites were in ranges of 53-56 ºC and
33-34 ºC, respectively, indicating that the Tg was not signifi-
cantly changed by the addition of MCC. However, the MCC
blending caused significant shifting of Tcc to higher temperature
for both the PLLA/MCC and PLLA-PEG-PLLA/MCC
biocomposite series. This indicates that the MCC blending
inhibited PLLA crystallization. According to the literature, it
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Fig. 2. DSC heating curves of (above) PLLA/MCC and (below) PLLA-
PEG-PLLA/MCC biocomposites with various MCC contents

has been reported that MCC in the PLLA/MCC biocomposites
restricted chain mobility for PLLA crystallization [16]. There-
fore, the Xc of both PLLA/MCC and PLLA-PEG-PLLA/MCC
biocomposites steadily decreased as the MCC content increased
as reported in Table-1. It should be noted that all the PLLA-
PEG-PLLA/MCC biocomposites had lower Tcc and larger Xc

than the PLLA/MCC. The results suggested that the crystall-
izability of PLLA-PEG-PLLA/MCC biocomposites was better
due to the flexible PEG middle-blocks of PLLA-PEG-PLLA
enhanced chain mobility for crystallization of PLLA end-blocks
[11,12].

DSC cooling scans were also carried out as presented in
Fig. 3 to show the Tc and ∆Hc behaviour of the biocomposites.
The PLLA/MCC biocomposites did not obviously change their
Tc with changed MCC content while the Tc of PLLA-PEG-
PLLA/MCC biocomposites dramatically shifted to lower temp-
erature as the MCC content increased. However, the ∆Hc for
both PLLA/MCC and PLLA-PEG-PLLA/MCC biocomposites
significantly decreased with increasing MCC content. The results
of Tc and ∆Hc clearly supported that the MCC blending suppre-
ssed the PLLA crystallization of biocomposites.
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Fig. 3. DSC cooling curves of (above) PLLA/MCC and (below) PLLA-
PEG-PLLA/MCC biocomposites with various MCC contents

Thermal stability: Thermal stability of the biocompo-
sites is important information on the processing window for
melt processing that was investigated from thermograms as
shown in Fig. 4. Pure PLLA and MCC exhibited a single thermal
decomposition step at 300-450 ºC (Fig. 4 (above)] and 250-
500 ºC (TG curve not shown), respectively. The PLLA/MCC
biocomposites exhibited only a single thermal-decomposition
step in the range 300-450 ºC (Fig. 4). The decomposition tempe-
ratures for 50% weight remaining (50%-Td) of the PLLA and
PLLA/MCC biocomposites slightly shifted to higher temperature
as the MCC content increased as summarized in Table-2.

Thermogravimetric curves of pure PLLA-PEG-PLLA are
shown in Fig. 4 (below) indicating that it had two thermal-
decomposition steps in ranges 250-350 ºC and 350-450 ºC
attributed to thermal decompositions for PLLA and PEG blocks,
respectively [12,18]. The 50%-Td of all the PLLA-PEG-PLLA/
MCC biocomposites in Table-2 were higher than the pure PLLA-
PEG-PLLA, which is largely shifted to higher temperature as the
MCC content increased. The results suggested that the MCC
blending improved the thermal stability of both PLLA and PLLA-
PEG-PLLA biocomposites.

TABLE-1 
THERMAL TRANSITION PROPERTIES OF PLLA/MCC AND PLLA-PEG-PLLA/MCC BIOCOMPOSITES FROM DSC HEATING CURVES 

PLLA/MCC (w/w) PLLA-PEG-PLLA/MCC (w/w) 
Biocomposites Tg   

(°C) 
Tcc  

(°C) 
∆Hcc  
(J/g) 

Tm  
(°C) 

∆Hm 
(J/g) 

Xc  
(%) 

Tg   
(°C) 

Tcc  
(°C) 

∆Hcc  
(J/g) 

Tm  
(°C) 

∆Hm 
(J/g) 

Xc  
(%) 

100/0 
95/5 

90/10 
80/20 

53 
56 
54 
54 

92 
98 

100 
102 

19.5 
22.0 
24.3 
27.4 

174 
174 
174 
173 

42.3 
35.9 
36.0 
36.3 

24.3 
15.6 
13.9 
11.9 

34 
33 
34 
33 

65 
76 
78 
77 

7.0 
16.8 
19.1 
19.0 

169 
170 
169 
168 

42.9 
43.7 
43.4 
39.2 

46.2 
36.4 
34.7 
32.5 
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Fig. 4. TG thermograms of (above) PLLA/MCC and (below) PLLA-PEG-
PLLA/MCC biocomposites with various MCC contents

The weight residues at 800 ºC for PLLA, PLLA-PEG-PLLA
and MCC were 0.05%, 0.11% and 7.64%, respectively. The
residue weights at 800 ºC for both the PLLA/MCC and PLLA-
PEG-PLLA/MCC biocomposite series increased steadily with
the MCC content as reported in Table-2 due to the increase of
MCC ashes.

Derivative TG (DTG) thermograms in Fig. 5 gave more
information on thermal decomposition of the biocomposites.
The peak for temperature of maximum decomposition-rate
(Td,max) was detected from their DTG thermograms. The Td,max

results are also summarized in Table-2. The Td,max of pure PLLA
(PLLA-Td,max) had only one peak at 362 ºC assigned to PLLA
decomposition. The Td,max of PLLA/MCC biocomposites was
slightly shifted to higher temperature with the MCC content.
The Td,max peak of MCC was 357 ºC (DTG curve not shown)
may be overlapped with the PLLA-Td,max peak.
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Fig. 5. DTG thermograms of (above) PLLA/MCC and (below) PLLA-PEG-
PLLA/MCC biocomposites with various MCC contents

While the pure PLLA-PEG-PLLA exhibited two Td,max

peaks at 310 and 417 ºC attributed to decomposition of PLLA
(PLLA-Td,max) and PEG (PEG-Td,max), respectively. The PLLA-
Td,max of PLLA-PEG-PLLA/MCC biocomposites steadily shifted
to higher temperature with increasing MCC content as reported
in Table-2. The results supported the interpretation that the
MCC blending improved thermal stability for the PLLA-PEG-
PLLA more than the PLLA. This may be explained by the
stronger interactions between the PLLA-PEG-PLLA and MCC
components. The PLLA-PEG-PLLA was more hydrophilic than
PLLA due to the hydrophilic characters of PEG middle-blocks
[19]. This may be supported by the observation that MCC-Td,max

increased from 357 to 366 ºC and 367 ºC for the 90/10 and 80/20
PLLA-PEG-PLLA/MCC biocomposites, respectively as reported
in Table-2.

Crystalline structure: The XRD pattern of the biocom-
posite films was used to study their crystalline structures as
shown in Fig. 6. The pure PLLA and PLLA/MCC biocomposite
films in Fig. 6(above) had no XRD peaks attributable to the

TABLE-2 
THERMAL DECOMPOSITION PROPERTIES OF PLLA/MCC AND PLLA-PEG-PLLA/MCC BIOCOMPOSITES 

PLLA/MCC (w/w) PLLA-PEG-PLLA/MCC (w/w) 

Biocomposites 50%-Td 
(°C)a 

Residue 
weight at 
800 °C 

(%)a 

PLLA-
Td,max 
(°C)b 

MCC-
Td,max 
(°C)b 

PEG-
Td,max 
(°C)b 

50%-Td 
(°C)a 

Residue 
weight at 
800 °C 

(%)a 

PLLA-
Td,max 
(°C)b 

MCC-
Td,max 
(°C)b 

PEG-
Td,max 
(°C)b 

100/0 
95/5 

90/10 
80/20 

352 
353 
357 
359 

0.03 
0.61 
1.39 
2.55 

362 
363 
366 
366 

– 
– 
– 
– 

– 
– 
– 
– 

309 
313 
321 
331 

0.11 
0.52 
1.30 
2.95 

310 
314 
321 
326 

– 
– 

366 
367 

417 
413 
418 
419 

aObtained from TG thermograms; bObtained from DTG thermograms 
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PLLA crystallites at 2θ = 15º, 17º and 19º [12,18]. This indicates
the PLLA matrices had completely amorphous characters. The
pure PLLA-PEG-PLLA film in Fig. 6(below) exhibited only
one XRD peak at 2θ = 17º attributed to PLLA crystallites due
to the flexible PEG middle-blocks of PLLA-PEG-PLLA which
enhanced the crystallization of PLLA end-blocks [11,12]. How-
ever, the intensity of this XRD peak decreased and disappeared
when 5 wt.% MCC was blended and the MCC content was
increased up to 10 wt.%. The MCC blending suppressed the
crystallization of the PLLA end-blocks.
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Fig. 6. XRD patterns of (above) PLLA/MCC and (below) PLLA-PEG-
PLLA/MCC biocomposite films with various MCC contents

It should be noted that the XRD peaks of cellulose crystal-
lites for MCC were also observed at 2θ = 22.5º for all the PLLA/
MCC and PLLA-PEG-PLLA/MCC biocomposite films [15,20].
The intensity of the XRD peak at 2θ = 22.5º steadily increased
as the MCC content increased indicating that biocomposite
films with different MCC contents could be prepared.

Film morphology: SEM images of cryo-fractured films
were usually observed to investigate phase separation and phase
compatibility between film matrix and MCC particles. Fig. 7
shows SEM images of both pure PLLA and pure PLLA-PEG-
PLLA films. The cross-section of the PLLA film from brittle
fracture was smoother than that of the PLLA-PEG-PLLA film.
This was due to the higher Tg and lower flexibility of the PLLA
film compared with the PLLA-PEG-PLLA film while the film
matrices of PLLA-PEG-PLLA were extended before fracture
and could be demonstrated as ductile fracture [12].

SEM images of 20 wt.% MCC biocomposite films are
clearly compared in Fig. 8 with different magnifications. The
phase separation between the film matrices and MCC particles
was visibly observed. However, gaps between PLLA matrices
and MCC particle surfaces can also be easily observed (Fig.
8b). Moreover, some irregular cavities from MCC particles
falling out of the fractured surfaces were also detected. This
can be explained by the different in hydrophilicity between
PLLA and MCC [21]. While the PLLA-PEG-PLLA/MCC bio-
composite films showed good interfacial adhesion between
film matrices and MCC particles (Fig. 8d). PEG has been used
as a compatibilizer to induce interfacial adhesive between
PLLA and cellulose particles [22]. Thus, this can be explained
as that the hydrophilic PEG middle-blocks enhanced phase
compatibility between PLLA-PEG-PLLA and MCC.

Tensile properties: Typical tensile curves of the bio-
composite films are shown in Fig. 9. Strain at break for all the
PLLA-PEG-PLLA/MCC biocomposite films in Fig. 9 (below)
were largely higher than the PLLA/MCC biocomposite films
in Fig. 9 (above). Moreover, all the PLLA-PEG-PLLA/MCC
biocomposite films also exhibited a yield point. The results
indicated that all the PLLA-PEG-PLLA/MCC biocomposite
films were more extensible than those of the PLLA/MCC bio-

Fig. 7. SEM images of cryo-fractured of (left) pure PLLA and (right) pure PLLA-PEG-PLLA films (Both bar scales = 50 µm)
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composite films. The flexible PEG middle-blocks enhanced
extensibility of PLLA-PEG-PLLA/MCC biocomposite films
[12,18]. The averaged tensile properties are summarized in
Table-3.

The stress and strain at break of both PLLA and PLLA-
PEG-PLLA films decreased steadily when the MCC was blended
at increasing content. The stress at yield of the PLLA-PEG-
PLLA/MCC biocomposite films also decreased as the MCC
content increased but the strain at yield did not change in trend.
The agglomeration of MCC and poor matrix-MCC adhesion
caused decreases of stress and strain at break of the biocompo-
site films [3,16]. The results indicated that the interfacial
adhesion on PLLA-PEG-PLLA/MCC biocomposites was not

Fig. 8. SEM images of cryo-fractured of (a, b) 80/20 (w/w) PLLA/MCC and (c, d) 80/20 (w/w) PLLA-PEG-PLLA/MCC biocomposite films
(Bar scales = 50 µm for a, c and = 10 µm for b, d)

TABLE-3 
AVERAGED TENSILE PROPERTIES OF PLLA/MCC AND PLLA-PEG-PLLA/MCC BIOCOMPOSITE FILMS 

PLLA/MCC (w/w) PLLA-PEG-PLLA/MCC (w/w) 
Biocomposite 

films 
Stress at 

yield 
(MPa) 

Strain at 
yield (%) 

Stress at 
break 
(MPa) 

Strain at 
break 
(%) 

Young’s 
modulus 
(MPa) 

Stress at 
yield 

(MPa) 

Strain at 
yield (%) 

Stress at 
break 
(MPa) 

Strain at 
break 
(%) 

Young’s 
modulus 
(MPa) 

100/0 
95/5 

90/10 
80/20 

– 
– 
– 
– 

– 
– 
– 
– 

43.9±3.1 
41.3±4.1 
37.1±2.1 
31.5±1.6 

4.2±0.6 
3.3±0.2 
3.2±0.1 
2.0±0.2 

1466±101 
1530±92 
1559±89 
1749±104 

15.6±3.2 
11.3±1.1 
11.1±2.4 
10.2±2.8 

4.9±1.2 
4.3±0.9 
4.9±1.4 
4.6±1.5 

19.9±1.4 
15.6±1.0 
15.1±0.5 
12.2±0.5 

374.6±43.0 
255.0±21.5 
224.6±9.8 
161.5±13.9 

672±63 
696±54 
726±78 
798±68 

 

strong enough for enhancing stress transfer from PLLA-PEG-
PLLA matrix to the MCC particle surfaces to improve the stress
at break of the biocomposite films. Young’s modulus of the
biocomposite films increased with the MCC content. This is
due to the high crystallinity of MCC inducing an increase of
the Young’s modulus of the biocomposite films [16].

However, from results of tensile properties, the PLLA-PEG-
PLLA/MCC biocomposites still exhibited higher flexibility
than those of the PLLA/MCC biocomposites for all the MCC
contents.

Film transparency: Packaging films with good transp-
arency are interesting because they enable the quality and
quantity of the packed products to be directly observed. Figs.

2140  Jirum et al. Asian J. Chem.



S
tr

e
ss

 (
M

P
a)

PLLA/MCC (w/w)

PLLA-PEG-PLLA/MCC (w/w)

60

50

40

30

20

10

0
0 1 2 3 4 5

100/0

95/5

90/10

80/20

100/0

95/5

90/10

80/20

25

20

15

10

5

0

S
tr

es
s 

(M
P

a)

0  50  100 150 200 250 300 350 400

Strain (%)

Fig. 9. Tensile curves of (above) PLLA/MCC and (below) PLLA-PEG-
PLLA/MCC biocomposite films with various MCC contents.

10 and 11 show the film transparency of PLLA/MCC and PLLA-
PEG-PLLA/MCC biocomposite films, respectively. They had
good transparency and with increasing MCC loading, film
transparency slightly decreased.

Fig. 10. Film transparency of PLLA films (a) without MCC and with MCC
contents of (b) 5, (c) 10 and (d) 20 wt.%

Fig. 11. Film transparency of PLLA-PEG-PLLA films (a) without MCC and
with MCC contents of (b) 5, (c) 10 and (d) 20 wt.%

Some agglomeration of MCC particles due to the filler-filler
interactions [23] was observed for the PLLA/MCC biocompo-
site films as the MCC content increased up to 10 wt.% but was
not observed for the PLLA-PEG-PLLA/MCC biocomposite
films. The results of the film transparency supported the that
the phase compatibility of PLLA-PEG-PLLA/MCC biocom-
posites is better than the PLLA/MCC biocomposites.

Conclusion

The PLLA/MCC and PLLA-PEG-PLLA/MCC biocom-
posites were obtained successfully by melt blending technique.
The DSC and XRD studies indicated that the MCC addition
suppressed PLA crystallization. The Xc of PLLA decreased
significantly with the increasing MCC content. The addition
of MCC in both the PLLA and PLLA-PEG-PLLA matrix
improved the thermal stability of the biocomposites as revealed
by the TGA results. The PLLA-Td,max of both PLLA/MCC and
PLLA-PEG-PLLA/MCC biocomposites shifted to a higher
temperature when the MCC content was increased. The hydro-
philic PEG middle-blocks enhanced phase compatibility betw-
een the PLLA-PEG-PLLA matrix and MCC filler as observed
from SEM images. Tensile properties of both PLLA/MCC and
PLLA-PEG-PLLA/MCC biocomposite films indicated that the
stress and strain at break decreased with increasing MCC content
due to poor interfacial adhesion between film matrix-MCC
filler. Young’s modulus increased as the MCC content increased
due to high crystallinity of MCC. The PLLA-PEG-PLLA/MCC
biocomposite films displayed a higher flexibility as compared
to PLLA/MCC biocomposite films. The extensibility of PLLA-
PEG-PLLA-based biocomposites can be tailored by selecting
the appropriate MCC content. Thus, the PLLA-PEG-PLLA/
MCC biocomposites could be appropriate for use as flexible
biodegradable biocomposites in packaging applications.
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