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ABSTRACT: The aim of this work was to study the
effect of the innovative combination of microcrystalline
cellulose (MCC) and silver nanoparticles (Ag) on the poly
(lactide acid) (PLA) composite properties, to modulate the
PLA mechanical response and induce an antibacterial
effect. The preparation and characterization of PLA-based
composites with MCC and Ag nanoparticles by twin-screw
extrusion followed by injection molding is reported. A
film procedure was also performed to obtain PLA and
PLA composite films with a thickness ranged between 20
and 60 lm. The analysis of disintegrability in composting
conditions by means of visual, morphological, thermal,
and chemical investigations was done to gain insights into
the post-use degradation processes. Tensile test demon-
strated the MCC reinforcing effect, while a bactericidal ac-

tivity of silver-based composites against a Gram-negative
bacteria (Escherichia coli) and a Gram-positive bacteria
(Staphylococcus aureus) was detected at any time points and
temperatures analyzed. Moreover, the disintegrability in
composting showed that MCC is able to promote the
degradation process. The combination of MCC and Ag
nanoparticles in PLA polymer matrix offers promising per-
spectives to realize multifunctional ternary composites
with good mechanical response and antibacterial effect,
maintaining the optical transparency and the disintegrabil-
ity, hence suitable for packaging applications. VC 2011 Wiley
Periodicals, Inc. J Appl Polym Sci 124: 87–98, 2012
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INTRODUCTION

Biodegradable polymers have attracted great scien-
tific and technological interest world wide because
they have a well-grounded role in reducing the
polymer waste problem.1 In the family of biodegrad-
able synthetic polymers, poly(lactide acid) (PLA)
appears one of the most attractive for applications in
agriculture and as packaging material2 for its bio/
hydro-degradability and the biorenewable profile.3,4

PLA is a thermoplastic polyester, derived from the
fermentation of starch and other polysaccharide
sources5 and it is becoming increasingly popular

due to its high mechanical strength and easy
processability compared with other biopolymers.
Moreover, PLA is naturally degraded in soil or com-
post6–8 and the resulting degradation products are
totally assimilated by microorganisms such as fungi
or bacteria.2 However, PLA has lower water vapour
permeability, poor mechanical and thermal proper-
ties, and limited barrier properties compared with
equivalent petroleum based polymers.9 The prepara-
tion of micro- and nano-composites represents a
promising method to improve the physical proper-
ties of biopolymers, without affecting the transpar-
ency.10–12 Microcrystalline cellulose (MCC) is used
as a highly effective additive to improve the proper-
ties of polymer in several application fields.13

Demand for safe, minimally processed, food prod-
ucts presents major challenges to the food-packaging
industry to develop packaging concepts for main-
taining the safety and quality of products. In this
contest, the active food-packaging concepts provide
some additional functions in comparison with tradi-
tional passive materials that are limited to protection
of the food product against external influences.
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Active-packaging materials change the condition of
the packaged product to extend shelf-life, improve
microbial food safety, and/or improve sensorial
properties. Antimicrobial active-packaging attracts
more and more attention from the food and packag-
ing industry, because of an increasing consumer
demand for minimally processed, preservative-free
products.14,15 The research interest in this field of
material science stems from the fact that there are
different methods to incorporate silver in various
polymeric substrates. One conventional approach is
by the deposition of metallic silver directly onto the
surface of the substrate,16–19 whereas an other
approach to obtain antimicrobial polymer compo-
sites is by the incorporation of silver into molten
polymers.20,21 Nowadays, the introduction of new
silver-based antimicrobial polymers represents a
great challenge in packaging field because these
composite systems combine the excellent high tem-
perature processibility of the thermoplastics with the
inherent antimicrobial property of the silver. They
capture much attention not only because of the non-
toxicity of the active Agþ to human cells22 but also
because of their novelty being a long lasting biocide
with high temperature stability and low volatility.
In Japan, silver-substituted zeolite has been devel-
oped as the most common antimicrobial agent
incorporated into plastics while on June 9, 2000,
the AgIONTM Silver Ion Technology received the
approval of the food and drug administration for
use in all types of food-contact polymers in USA
market.23 The EU-wide regulatory instruments cov-
ering antimicrobial substances differ distinctively
in scope, depending on both the intended applica-
tion and the actual effect of the active substances.
So far, it is not the active product itself, but its
use conditions that determine which directive
applies in regulating the marketing of food-packag-
ing products with antimicrobial activity in the Euro-
pean Union.23

The effect of additives on the biodegradation of
PLA has attracted great interest recently.24 It is al-
ready assessed that PLA formulations require severe
degradation conditions (as those provided by com-
posting systems) to biodegrade in times compatible
with useful post use elimination strategies.25,26 In a
previous work,27 we reported the preparation and
characterization of PLA-based composites, observing
an increase of the thermomechanical and barrier
properties of the different systems, with respect to
the neat polymer. In this research, we studied in
details the mechanical, antibacterial, and degrada-
tion in composting condition properties of PLA and
its composites prepared with an innovative combina-
tion of MCC and Ag nanoparticles, to demonstrate
the prospective approach offered by these new
systems.

EXPERIMENTAL PART

Materials

Poly(lactide acid) (PLA) 3051D, with a specific grav-
ity of 1.25 g/cm3, a molecular weight (Mn) of ca.
1.42 � 104 g/mol, a melt flow index of 7.75 g/10
min (210�C, 2.16 kg) was supplied by Nature
WorksV

R

, Minnetonka, MN. PLA pellets were dried
in a vacuum oven at 98�C for 3 h. Commercial silver
nanoparticles (Ag), P203, purchased by Cima Nano-
Tech (Corporate Headquarters Saint Paul, MN), with
a size distribution ranged from 20 to 80 nm, were
thermal treated at 700�C for 1 h.27 MCC (dimensions
of 10–15 lm) was supplied by Sigma–Aldrich and
dried under vacuum at 100�C for 1 h to remove
absorbed water.

PLA composite processing

PLA composites were manufactured by using a
twin-screw microextruder (Dsm Explore 5&15 CC
Micro Compounder). Screw speed of 150 rpm and
mixing time of 3 min were used to optimize material
final properties. PLA pellets (10 g) and the reinforce-
ment phases were put in the microextruder man-
ually to reach a head force of 2500N while a temper-
ature profile (three temperature steps:170–195–
205�C) with a maximum temperature of 205�C was
chosen for the mixing process, according to our pre-
vious study.27 After the mixing, samples with 1 wt
% of Ag nanoparticles and with 5 wt % of MCC
were prepared by means of a DSM Xplore 10-mL
injection molding machine to obtain ISO 527-2/5A
tensile dog-bone bars. The injection pressure was set
to 15 bar and the temperature maintained at 205�C.
Binary bulk systems containing 1 wt % of silver
nanoparticles or 5 wt % of MCC were produced and
characterized and corresponding samples were
named PLA/1Ag and PLA/5MCC. In the ternary
bulk systems (PLA/5MCC/1Ag), 5 wt % of MCC
were mixed with 1 wt % Ag nanoparticles in the
PLA polymer matrix.
A film procedure was also performed to obtain

PLA and PLA composite films with a thickness
ranged between 20 and 60 lm. The preparation and
characterization of neat PLA (PLA_film), binary
(PLA/1Ag_film, PLA/5MCC_film), and ternary
(PLA/5MCC/1Ag_film) systems have been previ-
ously reported.27

Characterization methods

PLA and PLA composites cross-section performed in
liquid nitrogen were investigated by field emission
scanning electron microscopy (FESEM, Supra 25-
Zeiss), after gold sputtering, (sputtering conditions:
20 mA for 40 s at 0.08 bar, by using an AGAR, Auto
Sputter Coater).
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Sample mechanical behavior was evaluated by
failure tensile test of dog-bone-shaped specimens (2-
mm thick) using a digital Lloyd instrument LR 30K
on the basis of UNI ISO 527 with a cross-head speed
of 1 mm/min and a load cell of 30 kN. The data are
expressed as mean value 6 mean standard deviation
of at least five measurements.

Disintegrability in composting conditions

Disintegrability of PLA and PLA composites was
observed by means of a disintegration test in com-
posting conditions according to the ISO 20200 stand-
ard. A specific quantity of compost, supplied by
Gesenu S.p.a., was mixed together with the synthetic
biowaste, prepared with certain amount of sawdust,
rabbit food, starch, sugar, oil, and urea. The water
content of the substrate was around 50 wt % and the
aerobic conditions were guaranteed by mixing it
softly. The injection molded samples cut to have
approximately 15 � 5 � 2 mm3 specimens were then
buried at 4–6 cm depth in perforated boxes, contain-
ing the prepared mix, and incubated at 58�C.28,29

The samples were recovered at different disintegra-
tion steps, washed with distilled water, dried in
oven at 37�C for 24 h, and weighed. The disintegr-
ability value was obtained normalizing the sample
weight, at different stages of incubation, to the initial
ones. Surface microstructure of PLA and PLA com-
posites at 7 and 14 days of incubation in composting
was investigated by field emission scanning electron
microscopy. Photographs of the samples were taken
for visual comparison. Differential scanning calorim-
eter (DSC, Mettler Toledo 822/e) measurements
were performed in the temperature range from �25
to 250�C, at 10�C/min, performing continuously two
heating and one cooling scans. Melting temperature
(Tm) and cold crystallization temperature (Tcc), deter-
mined as the maximum of the endothermic and exo-
thermic signal, respectively, and the melting and
cold crystallization enthalpies (DHm, DHcc) were
determined from the first and second heating scan.
Glass transition temperatures (Tg) were obtained
from the first and second heating thermogram, using
the midpoint between intersections of two parallel
baselines, before and after the transition tempera-
ture. Thermogravimetric analysis (TGA, Seiko Exstar
6000) was performed on 10 mg weight samples, in
nitrogen flow (250 mL/min), from 30 to 900�C at
10�C/min heating rate. Fourier infrared spectra of
the samples in the 400–4000 cm�1 range were
recorded by a Jasco FT-IR 615 spectrometer, in atte-
nuated total reflection (ATR) mode.

The disintegration test in composting conditions
was also performed on 30 � 30 � 0.02 mm3 films,
for comparison with bulk materials. PLA and PLA
composite film visual evaluation is presented in this
article.

Antibacterial activity

The microorganisms used in this study were Esche-
richia coli RB (E. coli RB), provided by Dr. Roldano
Bragoni (Zooprofilattico Institute of Pavia, Italy),
and Staphylococcus aureus 8325-4 (S. aureus 8325-4), a
gift from Timothy J. Foster (Department of Micro-
biology, Dublin, Ireland). E. coli RB was grown over-
night in Luria Broth Bertani (LB) (Difco, Detroit, MI)
and S. aureus 8325-4 in brain heart infusion (BHI)
(Difco) under aerobic conditions at 37�C using a
shaker incubator (New Brunswick Scientific, Edison,
NJ). These cultures, used as source for the experi-
ments, were reduced at a final density of 1 � 1010

cells/mL as determined by comparing the optical
density at 600 nm (OD600) of the sample with a
standard curve relating OD600 to the cell number. To
evaluate the antimicrobial activity of PLA and PLA
composite films, 100 lL (1 � 104) of an overnight
diluted cell suspension of E. coli or S. aureus was
added and incubated at different temperatures (37,
24, and 4�C). Wells were used as controls. At the
end of each incubation time (3 h and 24 h), the bac-
terial suspension was serially diluted and plated on
the LB (E. coli) or BHI (S. aureus) agar plates, respec-
tively. Cell survival was expressed as percentage of
the CFU of bacteria grown on the materials samples
to CFU of bacteria grown into 24-well polystyrene
culture plates.

RESULTS

Morphological and mechanical characterization
of PLA composites

The fracture surfaces and the mechanical characteri-
zation of PLA and PLA composites are reported in
Figure 1, to investigate the filler dispersion and to
study the failure mechanisms. FESEM images show
that neat PLA fracture surface appears flat without
an evident smoothness, while composite surface is
characterized by a visible roughness due to the filler
dispersion. The PLA/5MCC and PLA/5MCC/1Ag
systems show a uniform distribution of MCC and
Ag nanoparticles, however, the MCC still remains as
aggregates of crystalline fibrils. Higher magnification
images show that MCC is present in flakes with a
compact structure, and the evident voids around the
MCC aggregates indicate a poor adhesion between
the PLA and MCC.
Figure 1 shows tensile curves (a) and Young mod-

ulus (b) for PLA and PLA composites. Tensile
stresses are lower for the composites compared with
pure PLA, and a decrease of composite elongation at
break respect to the neat matrix is detected, clearly
evident for PLA/5MCC systems [Fig. 1(a)]. More-
over, a decrease in tensile strength of about 10 MPa
for the MCC-based systems was measured. The
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lowering of elongation at break with the addition of
fibres in the polymers is a common trend observed
in thermoplastic composites in which the addition of
stiff reinforcements causes stress concentrations.30

Figure 1(b) shows that all composites have tensile
modulus higher than neat PLA, and the PLA/5MCC
system has the highest modulus with an increase of
26% respect to pure PLA highlighting the reinforce-
ment effect exerted by MCC. However, in the case
of PLA/5MCC/1Ag ternary system, a comparable
modulus with respect to binary PLA/1Ag system
(3.1 GPa) is detected.

The mechanical performance of composites is
expected to depend on the following factors: (1) ad-
hesion between the PLA matrix and cellulosic rein-
forcements, stress transfer efficiency of the interface;
(2) volume fraction of the fibres; (3) aspect ratio of
the reinforcements; (4) fiber orientation; and (5) crys-
tallinity degree of the matrix.31

In our systems, MCC remains as crystalline
fibril aggregates, and this could give an explana-
tion for the low value of tensile stresses and elon-
gation at break10 compared with the polymer
matrix.

Disintegrability in composting of PLA composites

Disintegrability in composting conditions was first
evaluated by visual observation of the PLA and PLA
composites. Figure 2 shows that all samples changed
their colour and became opaque after 7 days of incu-
bation, while they exhibited a considerable surface
deformation and fractures starting from 14 days in
composting. This effect at 14 days of incubation was
more evident in the case of composites based on sil-
ver nanoparticles. The changes in sample colour
could be a signal that the hydrolytic degradation
process of the polymer matrix has started, thus
inducing a change in the refraction index of the sam-
ple as a consequence of water absorption and/or
presence of products formed by the hydrolytic pro-
cess.32,33 The disintegration test showed that materi-
als were visibly disintegrated after 28 days, and
PLA/5MCC was still present at 35 days. The Ag-
based composites resulted to have the more evident
effects of disintegration (Fig. 2). This result is con-
firmed by FESEM observations (Fig. 3): at 7 days of
incubation PLA/1Ag shows deep fractures on the
surface more evident than in the other composites.
After 14 days of incubation, all systems are visibly

Figure 1 PLA and PLA composite fracture surface at different magnifications. Tensile curves (a) and Young modulus (b)
for PLA and PLA composites.
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Figure 2 PLA and PLA composites before (0 days) and after different stages of disintegration in composting at 58�C.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 3 FESEM images of PLA and PLA composite surfaces after disintegration in composting at 58�C.



fractured, and fissures of 100 lm appear on the sur-
face of MCC-based systems, in particular in the
PLA/5MCC/1Ag ternary composite. This result is
confirmed by disintegrability values [Fig. 4(a)] that
remain constant for all systems until 7 days of incu-
bation, while it reaches 30% at 14 days and then
70% at 21 days for neat PLA and binary systems. A
different behavior is detected for PLA/5MCC/1Ag
ternary sample that showed the highest rate of disin-
tegration, namely 75% in 14 days and 88% in 21
days. It was reported that PLA degradation occurred
in 2 weeks and was marked by the embrittlement of
the samples.10 During the initial phases of the disin-
tegration, the high-molecular weight PLA chains are
hydrolyzed to form lower molecular weight chains
and this reaction can be accelerated by the presence
of acids or bases.34 In this case, Ag ion release, could
acted as catalytic agents accelerating the disintegra-
tion process. The faster appearance of visual signs of
degradation in composites and the more evident
percentage of disintegration of PLA/5MCC/1Ag
system at 14 days is likely to be due to the presence
of hydroxyl groups belonging to the microcrystalline
structure that plays a catalytic role on hydrolysis of
the ester groups of the PLA.8

Chemical analysis (FTIR)

Figure 4(b) shows the FTIR spectra in the 2000–600
cm�1 range, of ternary composites before and after
different degradation times in composting. The IR
spectra of PLA composites display the typical
stretching of carbonyl group (AC¼¼O) at 1750 cm�1

by lactide, and the ACAOA bond stretching in
ACHAOA group of PLA at 1182 cm�1.35 The change

at 21 days of degradation in compositing is the
appearance of the band at 1600 cm�1 corresponding
to carboxylate ions in spectrum of degraded PLA
composites, while the band at 1260 cm�1 corre-
sponding to ACAOA stretch almost disappears in
the spectrum of the degraded samples. The forma-
tion of carboxylate ions is due to microorganisms,
which consume lactic acid and its oligomers on the
surface and leave carboxylate ions at the chain
end.36 No significant difference is revealed between
the PLA and PLA composites, during incubation in
composting conditions.

Thermal analysis

Figure 5 shows the DSC thermograms of the first
[Fig. 5(a,c)] and second [Fig. 5(b,d)] heating scan for
PLA and PLA/5MCC/1Ag composites. The first
heating thermograms, before the disintegration in
composting, displayed successively the glass transi-
tion temperature (Tg), the cold crystallization exo-
therm (Tcc), and the melting endotherm (Tm). Cold
crystallization for PLA matrix and PLA/5MCC/1Ag
gives a crystalline phase which shows one endother-
mal peak in the first and second heating curves. The
Tg was about 58�C, all curves had the Tcc at about
125�C, and the Tm at about 150�C (Table I). After 7
days of incubation, the cold crystallization tempera-
ture of all samples is not clearly visible in the first
heating scan. Moreover, this effect is accompanied
by the formation of a low temperature additional
endothermic shoulder on melting (Tm

0). The presence
of multiple melting peaks in PLA could be related to
the formation of different crystal structures37 or to
lamellar populations with different perfection

Figure 4 Disintegrability percentage values of PLA and PLA composites at different stages of incubation in composting.
The line at 90% represents the goal of disintegrability test as reported in the ISO 20200 (a). Infrared spectra of PLA/
5MCC/1Ag samples before and after different stages of disintegration in composting (b).
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degrees.38,39 This phenomenon is more evident in
the second heating scan [Fig. 5(b,d) and Table I] in
which, on the seventh day of degradation, the pres-
ence of exothermic peak and the additional melting
shoulder at low temperature are evident. After 7
days of degradation, cold crystallization and melting
temperatures decrease with respect to their initial
values as a consequence of a molecular chain degra-
dation in composting according to the first heating
scan [Fig. 5(a,c)] and to morphological observations.
For all samples, the decrease of transition tempera-
tures was evident, however, no big changes in these
values were detected for the different systems. The
first heating scan after 21 days in composting shows
only the Tm whereas at the second heating, only the
glass transition is evident, highlighting the degrada-
tion progress and the completely amorphous nature
of the material, more clear in PLA/5MCC/1Ag com-
posite [Fig. 5(c)]. A decrease of the Tg values,
detected at the second heating scan, of about 10�C at
7 days and of about 28�C at 14 days of incubation
for PLA and PLA composites [Fig. 5(b,d)] implies a
probably increase in the polymer chain mobility due

to a plasticizing effect of lactic acid oligomers
formed on degradation.40,41 Melting and cold crystal-
lization enthalpies for the first and second heating
scan, during the disintegrability in compositing con-
ditions were reported in Table I. DHm values
increase with the degradation time for PLA
and PLA composites, as consequence of the incuba-
tion temperature (58�C) and the disintegrability
process.
DTG curves and the maximum degradation tem-

peratures (Tmax) of PLA and PLA composites before
and at different times in composting are shown in
Figure 6(a,b). A complete weight loss in a single
step with a maximum at 357�C was detected for
neat PLA and a similar behavior was found after
degradation in composting [Fig. 6(a)]. However, a
shift to lower degradation temperatures of about
19% in PLA was observed at 14 days of incubation,
and the highest reduction was detected for the
PLA/5MCC/1Ag ternary composite with a decrease
in Tmax of about 21% at 14 days and 25% after 28
days [Fig. 6(b)]. This result is in agreement with
DSC analysis.

Figure 5 DSC thermograms of PLA (a, b) and PLA/5MCC/1Ag ternary composites (c, d) before and after different
stages of disintegration in composting at 58�C.
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PLA composite films

The production of PLA and PLA composite binary
and ternary films appears to be a promising
approach for packaging application. Films with a
thickness ranged between 20 and 60 lm were pro-
duced and optical, mechanical, and antibacterial

properties were mainly evaluated. Composite films
do not show a significant reduction in the amount of
light being transmitted (data do not shown).
Table II summarizes the mechanical properties of

PLA and PLA composite films. PLA processed films
have yield stress of 54 MPa, a tensile strength of 43

Figure 6 DTG curves for PLA at different stages of disintegration (a) and Tmax values of PLA and composite systems (b)
before and after the disintegrability in composting at 58�C.

TABLE II
Mechanical Properties of PLA and PLA Composite Films

Samples rY (MPa) eY (%) rb (MPa) eb (%) EYOUNG (MPa)

PLA_film 54 6 5 2.2 6 0.5 43 6 5 90 6 10 2400 6 100
PLA/1Ag_film 31 6 3 2.1 6 0.5 22 6 3 11 6 2 2500 6 50
PLA/5MCC_film 36 6 4 2.1 6 0.2 28 6 3 20 6 2 2900 6 100
PLA/5MCC/1Ag_film 23 6 2 2.4 6 0.3 22 6 2 20 6 2 2600 6 100

Figure 7 PLA and PLA composite films before (0 days) and after different stages of disintegration in composting at
58�C. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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MPa and a very high deformation at break (90%) com-
pared with the bulk systems. PLA composites show a
decrease in tensile strength values of 15 MPa for PLA/
5MCC_film and of about 21 MPa for the systems
loaded with silver nanoparticles and also a lowering of
elongation at break, as in the case of bulk systems, com-
mon in thermoplastic composite films30 was detected.
All composite films show Young modulus higher than
pure PLA_film (2.4 GPa), and the PLA/5MCC_film
system has the highest modulus (2.9 GPa),27 following
the same trend even of the bulk composites.

Disintegrability in composting

The disintegrability of PLA and PLA composite
films in composting conditions was studied to evalu-

ate the effect of the contact between the organic sub-
strate and these films. Figure 7 shows that all the
materials were visibly disintegrated after 7 days,
especially the PLA/5MCC/1Ag_film ternary system
that appears completely embrittled. Moreover, com-
posites with MCC have the highest rate of disinte-
gration in composting, confirming the results
obtained for the bulk materials. These short degrada-
tion times of PLA films are probably due to high
temperature and to the low thickness of the tested
samples. The rate of hydrolytic degradation of PLA
is, in fact, strongly dependent on temperature and
the humidity level.5,34 Further investigations, in ac-
cordance with other standards, allowed the study of
disintegrability trend of the PLA and PLA composite
films at lower incubation temperature.

Figure 8 Antibacterial properties of new multifunctional PLA composites at different temperatures. E. coli RB (A, B) and
S. aureus 8325-4 (C, D) cells were incubated on PLA and PLA composite films for 3 h and 24 h at 4, 24, and 37�C as
reported in ‘‘Materials and Methods.’’ Results are expressed on a biomaterial-basis and are presented as an average 6
standard deviation (*P < 0.05; **P < 0.01; ***P < 0.001, #P > 0.05).
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Antibacterial properties

Figure 8 shows the viability of S. aureus (Panels A
and B) and E. coli (Panels C and D) cells on PLA
and PLA composite films incubated for 3 h and 24 h
at 4, 24, or 37�C, respectively. In general, a signifi-
cant difference in bacterial viability between PLA_-
film and PLA/1Ag_film (P < 0.05), PLA/
5MCC_film and PLA/5MCC/1Ag_film (P < 0.05)
was observed: PLA samples containing Ag nanopar-
ticles showed a greater antibacterial activity against
E. coli than S. aureus cells. These data are in agree-
ment with previous results showing that silver ions
interfering with the respiratory chain cause a
decrease of the bacterial viability and those Ag
nanoparticles are more toxic to E. coli than to S. aur-
eus.42–44 Furthermore, the reduction of E. coli surviv-
ability was more evident on PLA/5MCC/1Ag_film
than on PLA/1Ag_film regardless of time and tem-
perature (Fig. 8, Panels A and B). However, on S.
aureus cells, the result was quite different: PLA/
1Ag_film exhibited a greater antibacterial activity in
comparison with PLA/5MCC/1Ag_film. As previ-
ously reported,45 the electron-acceptor characteristic
of S. aureus determines an higher binding of these
bacterial cells to PLA/5MCC_film, therefore reduc-
ing the antibacterial efficacy of PLA/5MCC/
1Ag_film. Furthermore, this effect was more marked
at shorter (Fig. 8, Panel C) than at longer incubation
times (Fig. 8, Panel D) regardless of the temperature.
As clearly shown by our data, this adhesion prop-
erty is not observed for E. coli. In summary, these
data highlight the effectiveness of silver nanopar-
ticles combined with MCC on the reduction of bacte-
rial viability at different times and temperatures.
The content of Ag nanoparticles (1 wt %) in the com-
posites is able to determine an evident antimicrobial
effect and provides an active-system for food-pack-
aging applications. However, this low silver quanti-
ties does not influence the organic biowaste matura-
tion process, the final parameters (e.g., pH, volatile
solids, and ash) are in agreement with the ISO20200.

CONCLUSIONS

PLA-based composites, bulk and films, are success-
fully prepared combining MCC and Ag nanopar-
ticles. Morphology studies revealed a well disper-
sion of silver nanoparticles and the presence of
MCC aggregates, while the mechanical properties
demonstrated the MCC reinforcing effect. The disin-
tegrability in composting showed that MCC-based
systems, bulk and films, have the highest rate of deg-
radation in composting. A bactericidal effect of PLA/
1Ag_film on S. aureus and PLA/5MCC/1Ag_film on
E. coli was detected at any time points and tempera-
tures analyzed. These systems may offer good per-

spective for food-packaging applications, which
requires an antibacterial effect constant over time.

The Authors acknowledge Gesenu S.p.a. for compost supply
and the International Centre for Studies and Research in Bio-
medicine (I.C.B.) in Luxembourg.
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