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a  b  s  t  r  a  c  t

In  the  present  study, the  biodegradability,  morphology,  and  mechanical  properties  of  composite  materi-
als consisting  of acrylic  acid-grafted  polylactide  (PLA-g-AA)  and  natural  products  residues  (corn starch,
CS) were  evaluated.  Composites  containing  acrylic  acid-grafted  PLA  (PLA-g-AA/CS)  exhibited  noticeably
superior  mechanical  properties  due  to their  greater  compatibility  with  CS  compared  with  PLA/CS.  The
feasibility  of using  PLA-g-AA/CS  as  a  film  bag  material  to facilitate  the  controlled  release  of  an  encapsu-
eywords:
olylactide
ecycled corn starch
iodegradation
ontrolled release

lated  phosphate-solubilizing  bacterium  (PSB)  Burkholderia  cepacia  as  a fertilizer  use  promoter  was then
evaluated.  For  purposes  of  comparison  and  accurate  characterization,  a  PLA  film  bag  was  also  assessed.
The  results  showed  that  the  bacterium  completely  degraded  both  the  PLA  and  the PLA-g-AA/CS  compos-
ite  film  bags,  resulting  in  cell  release.  The  PLA-g-AA/CS  (20  wt%)  film  bags  were  more  biodegradable  than
those  made  of PLA,  and  displayed  a higher  loss  of  molecular  weight  and  intrinsic  viscosity,  indicating  a

en  th
ertilizer utilization promoted bacterial strong  connection  betwe

. Introduction

Although recycling is an environmentally attractive solution,
he disposal of non-biodegradable plastics has caused extensive
nvironmental problems. Moreover, only a small percentage of
lastics are recyclable, the majority ending up in municipal land-
lls, which have limited availability. As a result, there is increased

nterest in the production and use of biodegradable polymers from
enewable and/or fossil sources, for economical and environmen-
al reasons, such as waste management and carbon emissions
Arvanitoyannis, Ladas, & Mavromatis, 2006; Lu, Lu, He, & Yu,
009). The use of biodegradable polymers in the packaging indus-
ry and in the agricultural sector and other disposable articles
laces special requirements on this material. Ideally, such mate-
ials should be part of the natural life cycle of biomass (i.e., the
aw materials should be renewable and biodegradable to harm-
ess, natural products (Kayserilioglu, Bakir, Yilmaz, & Akkas, 2006;
yambo, Mohanty, & Misra, 2010; Torbica, HadnaCev, & Dapcevi,
010).Polylactide (PLA) belongs to the family of synthetic aliphatic
olyesters and is considered to be biodegradable; it decomposes
apidly in a typical compost environment (Cornelissen et al., 2008;

ang & Lis, 2008). PLA can degrade into components with less than

0 lactic acid and monomer units, and has been reported to possess
lant growth-stimulatory activity (Tuominen et al., 2002). Further-
ore, PLA is a thermoplastic, high-strength, high-modulus polymer

∗ Tel.: +886 7 6077685; fax: +886 7 6077788.
E-mail address: t50008@cc.kyu.edu.tw

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2012.05.081
ese  characteristics  and  biodegradability.
© 2012 Elsevier Ltd. All rights reserved.

that can be made from renewable resources, including corn, sugar
beets, and rice (Gupta, Revagade, & Hilborn, 2007). In contrast to
conventional plastics, such as polypropylene (PP) and polyethylene
(PE) that require hundreds or even thousands of years to degrade,
PLA can degrade into naturally occurring products in just a few
years (Wang et al., 2008). However, PLA production is both complex
and expensive, limiting its commercial applications. This limitation
can be overcome by blending PLA with cost-effective biodegrad-
able natural biopolymers, such as natural products residues (corn
starch, wheat straw, rice flour), which are often used as they are
abundant, inexpensive, renewable, and fully biodegradable mate-
rials (Dias, Müller, Larotonda, & Laurindo, 2010; Gupta & Kumar,
2007; Liu, Jiang, Liu, & Zhang, 2010; Nair & Laurencin, 2007;
Shah, Hasan, Hameed, & Ahmed, 2008). While blending PLA and
natural products residues markedly reduces cost and enables flex-
ibility in adjusting the biodegradability and mechanical properties
of the hybrid products, the natural products residues are fairly
hydrophilic, meaning poor compatibility between the two  phases
occurs. To address this problem, reactive functional groups may  be
incorporated into the polymer as compatibilizers, to enhance the
miscibility of the two  polymers and improve the overall mechanical
properties of the blend (Yu, Dean, & Li, 2006). Maleated polylac-
tide copolymers have been shown to be effective compatibilizers
in polylactide/natural fiber composites, and coupling agents have
been used to reinforce polylactide/recycled wood fiber composites

(Pilla, Gong, Neill, Yang, & Rowell, 2009; Wu,  2009). Composites
of PLA and natural products residues thus offer advantages in both
biocompatibility and cost (Jacobsen, Fritz, Degee, Dubois, & Jerome,
2000; Nampoothiri, Nair, & John, 2010) and display complete

dx.doi.org/10.1016/j.carbpol.2012.05.081
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:t50008@cc.kyu.edu.tw
dx.doi.org/10.1016/j.carbpol.2012.05.081
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egradation in soil or compost without the emission of toxic or
oxious components.

The aim of this study was to investigate PLA as a core
atrix, blending it with natural products residues to modify its

hysical properties, including biodegradability and permeability.
o overcome the problem of poor adhesion of corn starch-
olymer composites, an AA-grafted composite was selected as a
ompatibilizer, and PLA-g-AA/CS was compared with PLA. PLA-g-
A/CS and PLA were used to encapsulate cells of an indigenous
hosphate-solubilizing bacteria (PSB) strain (Burkholderia cepacia),
nd changes in the structure and biodegradability of the bacteria-
ncapsulated film bag (BEFB) in saline, fertilizer solution, and
ultivated land were examined. The main objective was to assess
he feasibility of the use of the PLA/corn starch-type composite as

 material for a controlled-release film bag system for application
n bacteria-promoted fertilizer.

Phosphorus, deficiency of which restricts plant growth in soil,
s one of the essential macronutrients required for the growth of
lants, but excessive addition of chemically synthesized fertiliz-
rs for crop production has led to the deterioration of farmland
uality because of insoluble phosphate complexes in the soil (Kidd,
omínguez-Rodríguez, Díez, & Monterroso, 2007). This problem
as motivated the use of more environmentally friendly fertilizers

or sustainable land use. PSBs are bacteria-promoted fertilizers that
re one of the most popular choices for bacteria-encapsulated film
ags (Kumar, Bajpai, Dubey, Maheshwari, & Kang, 2010; Liu, Wu,  &
hang, 2008). PSBs can mobilize and solubilize insoluble phosphate
ompounds accumulated in soil through chelation, biotic acidifi-
ation, and exchange reactions, thereby allowing crops to use the
oluble phosphate compounds released from the soil without the
eed for additional phosphate fertilizers (Hamdali, Hafidi, Virolle
arie, & Ouhdouch, 2008; Junli et al., 2009; Mamta et al., 2010;

on, Park, Cha, & Heo, 2006). However, an effective method to inoc-
late bacteria into the soil and maintain their viability and function
uring crop cultivation is still required. Encapsulating the bacteria

n biodegradable film bags, which protect the cells while allowing
heir controlled release into the soil, is beneficial. The effectiveness
nd stability of BEFB can be markedly enhanced. A key issue in the
evelopment of controlled-release of BEFB is designing and devel-
ping suitable biodegradable materials for these controlled-release
lm bags.

. Experimental

.1. Materials

Polylactide, composed of 95% l-lactide and 5% meso-lactide and
ith a molecular weight (Mw) of 9.86 × 104, a molecular weight
umber (Mn) of 5.21 × 104, a polydisperity index of 1.89, was used
s supplied by Nature Works Corporation (Nebraska, USA). Acrylic
cid (AA) was obtained from Sigma (St. Louis, MO,  USA), and puri-
ed prior to use by recrystallization from chloroform. Benzoyl
eroxide (BPO; Sigma) was used as an initiator and was  puri-
ed by dissolution in chloroform and re-precipitation in methanol.

 corn residue composed of 27% amylose and 73% amylopectine
as obtained from the Corn Refiners Association, Inc. (Washing-

on, USA). The levels of protein and lipid in the corn residue were
nsignificant. To acquire the natural product, crude corn residue

as firstly air-dried at 105 ◦C for 1 day and vacuum-dried at the
ame temperature for another day until the moisture content
ecreased to 5 ± 2% (Scheme 1(A)). Dried corn residue was then

rushed and passed through 80-mesh sieve to have corn starch
owder with size at about 5–25 �m.  PLA-g-AA was  constructed in
ur laboratory according to procedures described in our previous
ork (Wu,  2005), and had a Mw of 9.26 × 104, a Mn of 4.52 × 104,
ers 90 (2012) 583– 591

a polydisperity index of 2.05. As the grafting percentage of PLA-
g-AA was  only about 6.02 wt%, the structure of PLA-g-AA was not
noticeably different to that of PLA, and the physical properties var-
ied only slightly. A slight decrease in molecular weight is apparent
in PLA-g-AA, due to some cracking of the bond in the grafting.

2.2. Graft reaction and sample preparation

AA was  grafted onto PLA dissolved in xylene under a nitrogen
atmosphere at 80 ± 2 ◦C. The polymerization reaction was initiated
with 0.3 wt%  BPO, and the reaction system was stirred at 60 rpm for
8 h. The grafted product (4 g) was  then dissolved in 200 mL  reflux-
ing xylene at 80 ± 2 ◦C, and the hot solution was filtered through
several layers of cheesecloth. The cheesecloth was  washed with
600 mL  of acetone to remove xylene-insoluble unreacted AA, and
the remaining product was dried in a vacuum oven at 80 ± 2 ◦C for
24 h. The xylene-soluble product in the filtrate was extracted five
times using 600 mL  of cold acetone each. Subsequently, the grafting
percentage was determined using a titration method (Wu,  2005),
revealing a grafting percentage of ∼6.02 wt%. BPO and AA loadings
were maintained at 0.3 and 10 wt%, respectively. The CS was fixed
at a weight ratio of CS/PLA or CS/PLA-g-AA as 10/90, 20/80, 30/70,
40/60, and 50/50 by the melt blending method using a Plastograph
200 Nm mixer (W50EHT; Brabender GmbH, Duisburg, Germany)
with a blade-type rotor. PLA or PLA-g-AA were placed into the
Brabender instrument for melting at 50 rpm and 190 ± 5 ◦C. When
the PLA or PLA-g-AA had melted completely, the dried CS was  added
into the mixer and blended for 15 min  (Scheme 1(A)). The prod-
uct was  formed into 1-mm plates using a hot press, which were
placed in a dryer for cooling. The thin plates were then made into
the standard specimens for characterization.

2.3. Microorganism and culture medium

Burkholderia cepacia (BCRC 14256) was supplied by the Biore-
source Collection and Research Center in Taiwan and cultivated at
37 ◦C at 200 rpm in nutrient broth (NB; Merck KGaA, Darmstadt,
Germany). The broth consisted of 3 g beef extract, 5 g peptone, and
1.0 L of distilled water, pH 7.0. The culture was  collected in the early
stationary phase for cell entrapment.

2.4. Cell release experiments and fertilizer tests

Cell-loaded capsules were suspended in saline solution (0.85%
NaCl), and the cell concentration monitored over time. Cell con-
centration was determined by counting the CFUs present on
the NB agar plates after serial dilution and overnight incubation
at 30 ◦C. For the controlled-release bacterial test, encapsulated
6.00 ± 0.05 × 6.00 ± 0.05 mm  (0.05 ± 0.02 mm thickness) film bags
were prepared from conditioned PLA, PLA/CS, or PLA-g-AA/CS
matrix using the BEFB material, and a fixed volume (5 mL) of
1 mL  B. cepacia containing 2.2 mg  of cells (ca. 2.1 × 109 cells) and
4 mL  fertilizer solution were injected into the BEFB (Scheme 1(B)).
The cell-loaded film bags were immersed in sterile saline solution
(0.85% NaCl) with an initial pH of 7.0 ± 0.2 and incubated at 37 ◦C.
Under such conditions, Scheme 1(B) shows that B. cepacia was a
rod-shaped bacterium of 0.8–2.6 �m × 0.5–1.1 �m and noticeable
degradation of the PLA-g-AA/CS (20 wt%) matrix that encapsulated
the B. cepacia cells for 20 days was  evident, suggesting that the
bacteria entrapped in the composites were alive and possessed nor-
mal  functionality under the phosphate-solubilizing conditions. The
extent of capsule degradation was monitored at designated 20 day

time intervals. The cell concentration in the solution was deter-
mined by CFU counting on NB agar plates after serial dilution and
overnight incubation at 30 ◦C, allowing the release of the cells to be
assessed.
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Scheme 1. (A) Modification of PLA, preprocess of natural products residues (corn starch), and the preparation of composite materials. (B) Images of the PLA-g-AA/CS (20 wt%)
m  and th
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atrix BEFB samples loaded with a fixed volume (B. cepacia and fertilizer solution)

To compare the effects of B. cepacia in the fertilizer, BEFB
Scheme 1(B)) was injected into 4 mL  of fertilizer solution. The fer-
ilizer was an inorganic compound fertilizer (N:P:K rate = 1:3:2;
aiwan Horticultural Co. Ltd., Taipei, Taiwan), 1 g of which was
issolved in 500 mL  of water. Fig. 1A shows the surface morphol-
gy of the fertilizer particles (7–12 �m)  without BEFB, and the size
f the fertilizer particles without variation after 40 days (Fig. 1C).

owever, the fertilizer particles paste spread after 40 days, due

o the addition of BEFB. According to these results, B. cepacia
an spread the fertilizer particles, increasing their absorption by
lants.
e preparation of biodegradation, cell release, and plant growth assays with BEFB.

2.5. Characterization of PLA and composites

Solid-state 13C nuclear magnetic resonance (NMR) was per-
formed with an AMX-400 NMR  spectrometer (Bruker, Billerica, MA,
USA) at 100 MHz  under cross-polarization while spinning at the
magic angle. Power decoupling conditions were set with a 90◦ pulse
and a 4 s cycle time. FTIR sample spectra were obtained using a FTS-

7PC-type Fourier-transform infrared spectrophotometer (Bio-Rad,
Hercules, CA, USA), while gel-permeation chromatography (GPC)
was performed at 40 ◦C using a Perkin Elmer Series 200 system
(Waltham, MA,  USA) equipped with a Gel Divinylbenzene 10000As
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spectra of both polymers, with an extra shoulder observed at
1710 cm−1 in the modified PLA spectrum. These features are char-
acteristic of carboxyl groups. Similar results have been reported
(Janorkar, Luo, & Hirt, 2004; Sullad, Manjeshwar, & Aminabhavi,
ig. 1. SEM surface morphology of fertilizer particles without BEFB for (A) 0 days
agnification).

Jordi, Bellingham, MA,  USA) instrument. The gel columns pos-
essed a Refractive Index Detector RI-71 (Shodex, Tokyo, Japan) and
olystyrene was used as a standard.

A capillary viscometer (Schott AG, Mainz, Germany) was  used
o measure the intrinsic viscosity of PLA or PLA-g-AA/CS dissolved
n the chloroform solvent at various concentrations (0.5, 1.0, 1.5,
nd 0.2 g/dL). The solutions were cleared through a 0.45-�m fil-
er (Lida, Kenosha, WI,  USA) and the capillary viscometer was  filled
ith 10 mL  of sample and equilibrated in a water bath (B801; Schott
G) at 30.0 ± 0.1 ◦C. Each sample was passed through the capillary

ube prior to flow time measurements. The flow time was  used to
alculate the relative and reduced viscosities, which were plotted
gainst concentration, while the intercept demonstrated the intrin-
ic viscosity. An Instron mechanical tester (Model LLOYD, LR5K
ype) was used to measure the tensile break strength in accordance
ith the ASTM D638. Test samples were prepared in a hydrolytic
ress at 190 ± 5 ◦C and conditioned at 50 ± 5% relative humidity for
4 h prior to measurements. Measurements were performed using

 crosshead speed of 20 mm/min. Five measurements were per-
ormed for each sample and the mean values were determined.
fter treating the samples with glutaraldehyde and immersion in
0–100% acetone solution, the samples were dried at 50 ◦C for 48 h
nd coated with gold. The morphologies were observed with a
canning electron microscope (SEM; model S-4100; Hitachi, Tokyo,
apan).

. Results and discussion

.1. Characterization of PLA and composite film bag materials

To identify structural differences between PLA and their com-

osites, FTIR and NMR  were used to characterize the BEFB materials.
he FTIR spectra of unmodified PLA and PLA-g-AA are shown in
ig. 2A and B, respectively. The characteristic transitions of PLA
t 3200–3800, 1700–1770, and 500–1500 cm−1 appeared in the
C) 40 days and fertilizer particles with BEFB for (B) 0 days and (D) 40 days (600×
Fig. 2. Fourier-transform infrared spectroscopy spectra of (A) PLA, (B) PLA-g-AA, (C)
PLA/CS (20 wt%), (D) PLA-g-AA/CS (20 wt%), and (E) CS.
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Table 1
The CS phase size of PLA/CS and PLA-g-AA/CS composites at different CS contents.

CS (wt%) Phase size (�m)

PLA/CS PLA-g-AA/CS

10 9.0 ± 1.0 5.0 ± 0.6
20 11.0 ± 2.0 6.0 ± 0.7
30 13.5 ± 2.5 6.5 ± 0.9

composites, tensile strength at breakpoint decreased continuously
ig. 3. Solid-state 13C nuclear magnetic resonance spectra of (A) PLA, (B) PLA-g-AA,
C)  PLA/CS (20 wt%), (D) PLA-g-AA/CS (20 wt%), and (E) CS.

010). The shoulders represent free acid in the modified polymer
nd thus indicate the grafting of AA onto PLA.

The peak assigned to the O H stretching vibration at
200–3800 cm−1 intensified in the composite PLA/CS (20 wt%;
ig. 2C) due to the contribution of the OH group of CS. The
TIR spectrum of the PLA-g-AA/CS (20 wt%) revealed a peak at
738 cm−1 that was not present in the FTIR spectrum of the PLA/CS
20 wt%; Fig. 2D). This peak was assigned to the ester carbonyl
tretching vibration of the copolymer. Gong, Wang, and Tu (2006)
lso reported an absorption peak at 1740 cm−1 for this ester car-
onyl group. These data suggest the formation of branched and
ross-linked macromolecules in the PLA-g-AA/CS composites by

 covalent reaction of the carboxyl groups in PLA-g-AA with the
ydroxyl groups of CS.

To further confirm this finding, solid-state 13C NMR  spectra
f PLA and PLA-g-AA are compared in Fig. 3A and B, respec-
ively. Three peaks were observed, corresponding to carbon atoms
n the unmodified PLA ((1) ı = 16.92 ppm; (2) ı = 68.77 ppm; (3)

 = 169.92 ppm) (Zell et al., 1998). The 13C NMR spectrum of PLA-g-
A showed additional peaks ((4) ı = 35.63 ppm; (5) ı = 42.23 ppm;

6) ı = 175.05 ppm), confirming that AA was grafted covalently onto
LA.

The solid-state 13C NMR  spectra of PLAA/CS (20 wt%), PLA-
-AA/CS (20 wt%), and CS are shown in Fig. 3C–E. Relative to
nmodified PLA, additional peaks were observed in the spec-

ra of composites containing PLA-g-AA. These additional peaks
ere located at ı = 35.63 ppm (4) and ı = 42.23 ppm (5). These

ame features were observed in previous studies (Wu,  2005) and
40 16.0 ± 3.0 6.9 ± 1.0
50 17.5 ± 3.5 7.3 ± 1.2

indicate grafting of AA onto PLA. However, the peak at
ı = 175.05 ppm ((6) C O; Fig. 3B), which is also typical for AA grafted
onto PLA, was  absent in the solid-state PLA-g-AA/CS (20 wt%) spec-
trum. This occurrence was most likely the result of an additional
condensation reaction between the carboxyl group of AA and the

OH group of CS, causing a peak at ı = 175.05 ppm that was split
into two  bands (ı = 177.06 and 178.26 ppm). This additional reac-
tion converted the fully acylated groups in the original CS to esters
(represented by peaks 7 and 8 in Fig. 3D) and did not occur between
PLA and CS, as indicated by the absence of the corresponding peaks
in the FTIR spectrum of PLA/CS (20 wt%; Fig. 3C). The formation of
ester groups significantly affects the thermal and biodegradation
properties of PLA-g-AA/CS and is discussed in greater detail in the
following sections.

3.2. Morphology and mechanical properties of PLA and composite
film bag materials

It is necessary to study the morphology of the polymer com-
posites as these dictate the mechanical properties. In the PLA/CS
composites, PLA forms the matrix and CS the dispersed phase.
SEM micrographs of PLA/CS (20 wt% and 40 wt%) and PLA-g-AA/CS
(20 wt%  and 40 wt%) composites are presented in Fig. 4A, while
the CS phase size (the average pore diameter) of composites is
tabulated in Table 1. By examining the morphology of the PLA/CS
composites, it is evident that the size of the CS phase increased with
increasing content of CS (Table 1). It is notable that in the PLA/CS
composites containing less than 10 wt% CS, a fine dispersion and
homogeneity of CS in the PLA matrix is present. The large size of
CS phases, particularly in the composite containing 50 wt% CS, sug-
gests that the adhesion between CS and PLA is poor and that the
two polymers are strongly incompatible (Huang, Roan, Kuo, & Lu,
2005).

When the PLA-g-AA copolymer was added as the compat-
ibilizer, the size of the CS phase reduced compared with the
respective uncompatibilized composites. The ∼11.0 ± 2.0 �m aver-
age pore diameter of PLA/CS (20 wt%; Fig. 4A) was  larger than the
∼6.0 ± 0.7 �m diameter of PLA-g-AA/CS (20 wt%; Fig. 4A). More-
over, Table 1 shows a fine dispersion and homogeneity of CS in the
PLA-g-AA matrix for all compatibilized composites with a CS con-
tent of up to 50 wt%. The phase size in all compatibilized composites
is lower than 9.0 ± 1.0 �m and is detectable only at the higher mag-
nification. This increased dispersion arises from the formation of
branched and crosslinked macromolecules caused by the reaction
of carboxyl groups of the PLA-g-AA copolymer with the hydroxyl
groups of CS. It is also pointed out bridging structure between CS
and PLA-g-AA was  formed during melt blending. This results in a
reduction in the interfacial tension between the two  polymers and
a finer distribution of CS in all the compatibilized composites.

Fig. 4B shows the effects of the CS content on tensile strength
at breakpoint for PLA/CS and PLA-g-AA/CS composites. For PLA/CS
as the CS content increased. The composite containing 50 wt%  CS
gave the lowest tensile strength at breakpoint because the higher
CS content increased with the phase size. It is thus clear that the
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ig. 4. (A) SEM micrographs of PLA/CS (20 wt%), PLA/CS (40 wt%), PLA-g-AA/CS (20 w
B)  Tensile strength at breakpoint versus CS content for PLA-g-AA/CS and PLA/CS co

echanical incompatibility of the two polymers is significant. For
LA-g-AA/CS composites, though a decrease in tensile strength at
reakpoint compared to the pure PLA was observed, this decrease
as smaller than that of the equivalent uncompatibilized compos-

tes. The absolute value of tensile strength at breakpoint for all
ompatibilized composites was notably higher than that of their
ncompatibilized counterparts. It was also evident that the PLA-g-
A/CS composites provided higher stable values of tensile strength
hen the CS content was  above 10 wt%. The findings of Iovino,

ullo, Rao, Cassar, and Gianfreda (2008) regarding the mechani-

al properties of PLA-g-MA/starch composites are similar to those
iscussed in this study. It is evident that the mechanical proper-
ies strongly depend on the dispersion and phase size of CS in
he PLA or PLA-g-AA matrix. With a smaller dispersed phase, an
d PLA-g-AA/CS (40 wt%) for the tensile strength at breakpoint (300× magnification).
ites.

increase in mechanical properties, particularly the tensile strength,
was observed.

3.3. Biodegradation and cell release of PLA and composite film
bags by B. cepacia

The time-dependent changes in morphology of the PLA and PLA-
g-AA/CS matrices that encapsulated B. cepacia cells were focused
on the 20, 60, and 120 day periods (Fig. 5). At 20 days, cell growth
occurred on the surface of the PLA matrix (Fig. 5B). Moreover, some

erosion and cracking was evident on the matrix surface. At 60 days,
disruption of the PLA matrix structure was more apparent (Fig. 5C).
This degradation was confirmed by an increasing weight loss of
the PLA matrix with incubation time (Fig. 6A) and reached nearly
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Fig. 5. Time-course SEM morphology of the PLA matrix loaded with B. cepacia cells (magnification of 300×): (A) 0 days, (B) 20 days, (C) 60 days, (D) 120 days, and (E) cell-free
PLA  matrix (120 days). Time-course morphology of the PLA-g-AA/CS (20 wt%) matrix with BEFB loaded with B. cepacia cells (300× magnification) (F) 0 days, (G) 20 days, (H)
6

3
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0  days, (I) 120 days, and (J) cell-free PLA-g-AA matrix (120 days).

0% after 120 days. The most likely cause of this weight loss was
iodegradation by B. cepacia,  because the PLA is biodegradable.

eports in the literature have described the bacterial degradation
f PLA (Abou-Zeid, Muller, & Deckwer, 2004; Cheung, Lau, Pow,
hao, & Hui, 2010; Gattin, Copinet, Bertrand, & Couturier, 2002).

ig. 6. (A) Time course for biodegradation (percent weight loss) of PLA, PLA-g-AA,
nd  PLA-g-AA/CS (20 wt%) loaded with B. cepacia cells. (B) Time-course release and
rowth of B. cepacia cells entrapped in PLA, PLA-g-AA, PLA/CS (20 wt%), and the
LA-g-AA/CS (20 wt%) matrix suspended in saline solution.
These results show that B. cepacia is effective in degrading PLA. The
PLA-g-AA/CS (20 wt%  of CS) composite appeared to be degraded
more readily by B. cepacia.  At 20 days, a biofilm of bacterial cells
was evident on the surface of the PLA-g-AA/CS (Fig. 5G), indicat-
ing more abundant cell growth than on PLA at 20 days. Moreover,
larger pores were observed on the PLA-g-AA/CS composite at 60
and 120 days (panels H and I of Fig. 5), indicating a higher level
of destruction. The weight loss of the PLA-g-AA/CS composite was
also accelerated compared with that of the PLA and exceeded 55%
after 120 days (Fig. 6A).

These results clearly indicate that the addition of CS enhanced
the biodegradability of the composite, and may  facilitate the release
of entrapped cells into the environment. Thus, the release of BEFB
can be controlled by the addition of biodegradable supplements,
such as corn starch, into the core matrix, with higher levels of
supplement leading to a more rapid release.

These results indicate the significant bacterial destruction of the
matrix during the course of the incubation. Next, the time-course
profile for cell release was examined. After a 120-day incubation,
the final cell concentration in the saline solution was between
2.0 × 107 and 6.2 × 107 CFU/mL (Fig. 6B), indicating that the cells
were released into the solution and remained viable. The cell-
release pattern was similar for the PLA and PLA-g-AA/CS matrix,
while the levels and rate of release differed. Fig. 6B shows that the
rate of cell release was  noticeably lower in the first 60 days than
in the remaining incubation period, particularly for the PLA/CS and
PLA-g-AA/CS composites. During this earlier period, the increase in
cell concentration was most likely due to the release of cells from
leaks in the matrix. Following release, the cells in the saline solu-
tion may  have become inactive or lysed due to a lack of substrate,
resulting in a decrease in viable cell concentration and CFUs. The
noticeable increase in CFUs from 60 days onwards may  represent
not only an increase in cell release, but also an increase in substrate.
According to the SEM micrographs (Fig. 5), the matrix structure was
severely damaged after 60 days, leading to the release of cells, in
addition to the residual CS and PLA fragments or PLA-g-AA matrix,
into the solution. These fragments then may then have acted as
a substrate to facilitate cell growth. Because CS is more readily
biodegradable than PLA, and the solution containing the PLA/CS
and PLA-g-AA/CS matrix reached a higher final cell concentration
with a more rapid increase in cell concentration between days 60

and 120, the addition of CS clearly displayed a positive effect on the
number of cells released. As a result, the rate and number of cells
released can be adjusted by altering the composition of the matrix
materials.
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Fig. 7. (A and B) Time-course profiles of the retention time in the GPC analysis for
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Dias, A. B., Müller, C. M.  O., Larotonda, F. D. S., & Laurindo, J. B. (2010). Biodegradable
LA  and PLA-g-AA/CS loaded with B. cepacia cells. (C) Time-course profile of the
ntrinsic viscosity for PLA and PLA-g-AA/CS loaded with B. cepacia cells.

.4. Time-course measurement of GPC and intrinsic viscosity of
LA composites film bags by B. cepacia

The biodegradable PLA and PLA-g-AA/CS composite samples
ere analyzed using GPC, and the results are presented in Fig. 7A

nd B. The retention time of the major peaks (representing the orig-
nal samples) increased with an increasing incubation time because
he molecules within the original samples were continuously sev-
red during the biodegradation process. The longer retention time
f PLA-g-AA/CS also demonstrates its higher biodegradability than
LA. Additionally, a new peak appeared at ∼14.5 to 14.6 min  after 40
ays of incubation, suggesting that some fragments were generated

uring the biodegradation of the PLA and PLA-g-AA/CS composites.
he formation of fragments also indicates that CS had almost been
epleted at this time. Zhao and Wilkins (2005) reported similar
ers 90 (2012) 583– 591

findings. The retention time of the fragments was approximately
constant, which may have been due to the use of the depolymerized
matrix as a substrate by the bacterium, producing nearly uniform
fragments.

The change in intrinsic viscosity and molecular weight with
incubation time for the PLA and PLA-g-AA/CS composites are
demonstrated in Fig. 7C. The results show that the intrinsic viscos-
ity for PLA encapsulating B. cepacia ranged from 2.21 to 1.16 g/dL
over the 0–120 day incubation period, while the values for PLA-
g-AA/CS were 2.08–0.85 g/dL. The lower intrinsic viscosity of the
latter suggests that a higher number of fragments were present.
Another cause of the decreased intrinsic viscosity of PLA-g-AA/CS
is the conformational changes in the CS molecule caused by the
formation of an ester functional group.

4. Conclusions

The compatibility and mechanical properties of CS blended with
PLA and acrylic acid-modified PLA (PLA-g-AA) were examined.
FTIR and Solid-state 13C NMR  analyses revealed the formation of
ester groups from reactions between the OH groups in CS and
the carboxyl groups in PLA-g-AA, significantly altering the struc-
ture of the composite material. The morphology of the PLA/CS
composites indicated that the CS phase size increased with increas-
ing CS content, suggesting that compatibility between the PLA
and CS was  very poor. For PLA-g-AA/CS composites, the size of
the CS phase was  noticeably reduced and, being continually less
than 9.0 ± 1.0 �m,  was  detectable only under higher magnifica-
tion. The tensile strength at breakpoint of the PLA/CS composites
decreased markedly and continuously as the CS content increased.
The composite containing PLA-g-AA exhibited enhanced mechan-
ical properties compared with those containing PLA, particularly
regarding the tensile strength at breakpoint. Finally, these results
demonstrate that PLA-g-AA/CS (20 wt%) can be used to encapsulate
cells of an indigenous phosphate-solubilizing bacterium (B. cepa-
cia isolate) to form a controlled release bacterial fertilizer. The B.
cepacia strain was able to degrade the BEFB materials, leading to
cell release. The biodegradability of the BEFB depends on the type
of material used, as a PLA capsule was  also degraded, but to a lesser
degree, and the addition of CS made the capsules more biodegrad-
able. The decreases in intrinsic viscosity were also higher for the CS
composite. Thereafter, the cell concentration in the saline solution
increased significantly due to the release of cells from the severely
damaged film bags, and cell growth by use of the depolymerized
PLA-g-AA fragments as a substrate. The degree of biodegradation
increased with increasing CS content. These results suggested that
the release of fertilizer-promoted bacteria may be controllable via
the formulation of a suitable film bag material.
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