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This study  reports  the effects  on  antimicrobial,  antioxidant,  migration  and  disintegrability  activities  of
ternary  nanocomposite  films  based  on poly(lactic  acid)  incorporating  two  biobased  nanofillers,  (cellu-
lose  nanocrystals  (CNC)  and  lignin  nanoparticles  (LNP)),  in two different  amounts  (1  and  3%  wt.).  Results
from antimicrobial  tests  revealed  a capacity  to inhibit  the  Gram  negative  bacterial  growth  of Xanthomonas
axonopodis  pv.  vesicatoria  and  Xanthomonas  arboricola  pv.  pruni  along  the  time,  offering  innovative  oppor-
tunities  against  dangerous  bacterial  plant  pathogens.  LNP  proved  to be  highly  efficient  in  antioxidation
activity,  based  on  the  disappearance  of the absorption  band  at 517  nm  of  the  free  radical,  2,2-diphenyl-
ellulose nanocrystals
oly (lactic acid) nanocomposites
acterial plant pathogens
ctive packaging

1-picrylhydrazyl  (DPPH)  upon  reduction  by  an antiradical  compound;  moreover  the  combination  of  LNP
and CNC  generates  a synergistic  positive  effect  in  the  antioxidation  response  of  PLA  ternary  films.  Further-
more,  all  the  studied  formulations  showed  a disintegrability  value  up  to 90%  after  15  days  of  incubation  in
composting  conditions.  Migration  results  showed  that the  films  can  be considered  suitable  for  application
in  food  packaging  field.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

The increasing public awareness regarding synthetic antiox-
dant application not only for food but also for stabilization of
olymeric materials moved the interest towards antioxidants
f natural origin, in particular polyphenols that, due to their
iodegradability and significantly lower toxicity, can represent

 good alternative to the synthetic ones [1]. However, most of
he naturally originated antioxidants are not efficient enough for
he protection of plastics and composites, due to their lower

olecular mass and lesser thermal stability in comparison with
ynthetic systems [2]. On the contrary, biorenewable polymeric
olyphenol lignin is a suitable natural antioxidant for use in poly-
ers, due to its lower sensitivity to high temperatures and higher
olecular mass in comparison with the low molecular weight

atural antioxidants, which are commonly proposed for the sta-

ilization of polymeric materials, e.g. �-tocopherol [3]. Lignin, as
he second most abundant renewable and biodegradable natural
esource next to cellulose, is a heteropolymeric aromatic com-

∗ Corresponding author.
E-mail address: debora.puglia@unipg.it (D. Puglia).
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141-8130/© 2016 Elsevier B.V. All rights reserved.
pound that has a complex chemical structure, such as carboxyl,
carbonyl, phenolic or aliphatic hydroxyls that can be found in
different proportions according to lignin origin. Due to the pres-
ence of these functional groups, oxidation propagation reaction
can be terminated through hydrogen donation. The antioxidant
capacity of lignin has been widely studied and its application in
fields as medical, pharmaceutical (anti carcinogenic agent) or poly-
meric applications (thermal behaviour enhancement) has been
proved [4]. However, this property depends on the used ligno-
cellulosic material, the extraction methods, and the secondary
applied treatments. As a result, studies were carried out with regard
to the incorporation of lignin into materials for manufacturing
value added antioxidant products in the various fields, aiming to
tune the rate of autooxidation [5,6]. For higher antioxidative effi-
ciency, lignin should have higher quantity of phenolic hydroxyl
and methoxy groups, lower quantity of aliphatic hydroxyl groups,
narrow polydispersity and lower molecular weight. Furthermore,
the effects of chemical characterisation, structure of side chain,
�-conjugated systems of lignin on its antioxidant activity have
been studied [7,8]. It was determined that the main factor that

contributes to lignin antioxidant activity was  the high content
of phenolic moieties, which underwent proton coupled electron
transfer mechanism. The remaining factors that could contribute

dx.doi.org/10.1016/j.ijbiomac.2016.04.068
http://www.sciencedirect.com/science/journal/01418130
http://www.elsevier.com/locate/ijbiomac
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o antioxidant activity included relative content of phenylpropane
nits, phenylpropane units with CH2 groups in the �-position of
ide chains, phenylpropane units with oxygen-containing groups
n the side chains and size of the �-conjugated systems. This effect
as been studied, for example, by Azadfar et al. [9], who revealed
hat the antioxidant activity of alkali lignin was  comparable to
he commercial antioxidants (such as butylated hydroxytoluene),
s the 2,2-diphenyl-1-picrylhydrazyl (DPPH) inhibition percent-
ges of lignin and butylated hydroxytoluene were 86.9% ± 0.34%
nd 103.3% ± 1%, respectively. However, despite the well proved
ntioxidant properties, the absence of rationalized conceptions
bout lignin structural features and physical–chemical properties
including size dimensions) influencing its antioxidant activity hin-
ers the realization of lignin potential in the area of stabilization
f materials and food/feed products against oxidative damage.
omenek et al. [10] investigated the antioxidant activity of micro-

caled lignin as a natural substitute of synthetic antioxidants for the
rotection of the food, paving the way to the fabrication of active
ackaging materials compounded with natural antioxidant sub-
tances. After that, Yearla et al. investigated the radical scavenging
ctivity of nanosized lignin and demonstrated that its antioxidant
nd UV protection properties could be also further exploited in
ood, pharmaceutical and cosmetic industries [11]. They studied
ow structure-activity relationship is crucial to identify the most
ptimal antioxidants and to determine the most promising direc-
ions for upgrading of technical lignins, in order to produce effective
ntioxidants for various application systems. However, no previ-
us studies have been reported on how lignin at the nanoscale
imension could work as antioxidant agent when incorporated in
olymeric systems.

Concerning the antibacterial properties of lignin, it seems to be
lso a promising green principle useful against dangerous microor-
anisms. Its biocidal activity allows to reduce the environmental
roblems related to the silver nanoparticles use and could improve,
s an example, the release of active principles in agriculture [12,13].
ome studies have shown that lignin has an antimicrobial effect
14], even when it was incorporated into polyethylene film and
pplied in the finishing processes of textiles [15,16]. However, none
f them investigated the mechanism of the antibacterial activity of
ignin when included in polymeric matrices. A recent study [17]
evealed that the main determining factor of the antimicrobial
ffect of lignin lies on the phenolic components, specifically the side
hain structure and the nature of the functional groups. Typically,
he presence of a double bond in �, � positions of the side chain
nd a methyl group in the � position grants the phenolic fragments
ith the most potency against microorganisms.

In addition to lignin based nanoparticles, cellulose nanocrystals
CNC), that can be easily extracted from cellulose based sources,
ave been proved to be effective in enhancing the barrier to gases
hen introduced in polymeric systems, due to the synergistic tor-

uosity, crystal nucleation and chain immobilization effects [18,19].
n the meanwhile, they present the advantage of being renew-
ble when compared to other inorganic fillers, supporting their use
n biodegradable materials, such as PLA [5,20,18,1,21,22,23,24,25].
ome previous research works have also highlighted the significant
dvantages of incorporating CNC in PLA, including important water
apour, oxygen barrier effects, migration level below packaging
ormative requirements [26] and antimicrobial properties when
ombined with silver nanoparticles [27] or essential oil [18,28],
emonstrating the antimicrobial potential of PLA/CNC films as a
romising bioactive packaging to preserve fresh food products
gainst food pathogens.
Composting is nowadays a general treatment method for munic-
pal solid waste. In the European Union, composting is regarded as
ne recycling method for packages and this will probably favour
ompostable packages, like films, papers and boards. Tuomela
cal Macromolecules 89 (2016) 360–368 361

et al. [29] found that the elevated temperatures during the
thermophilic phase are essential for rapid degradation of ligno-
celluloses. Complex organic compounds like lignin are mainly
degraded by thermophilic micro fungi and actinomycetes, and then
form humus. The optimum temperature for thermophilic fungi is
40 ± 50 ◦C which is also the optimum temperature for lignin degra-
dation in compost. We  have demonstrated [19] that lignin, even
at the nanodimension, strongly influences the degradation process
in compost of PLA films, and the degradation rate can be modified
changing both lignin nanoparticles content and processing meth-
ods (solvent casting or extrusion). In that study, PLA filled with 0,
1 and 3 wt.% of lignin nanoparticles (LNPs) was  investigated. Dis-
integrability in composting conditions has been tested and visual
observation, chemical, thermal and morphological investigations
proved that the incorporation of 1 wt.% of LNP seems to hinder the
disintegration of PLA matrix, due to the hydrophobic nature of the
filler; when the LNP content rises up to 3 wt.%, some LNP aggre-
gations and rougher film surface structure form, inducing higher
degradation rate. For PLA filled with CNC, Bitinis et al. and Fortu-
nati et al. [5,26] studied that the addition of the unmodified CNC
did not affect the disintegration rate of the material. Although the
addition of hydrophilic filler is expected to accelerate the degrada-
tion rate of the PLA/natural rubber material, CNC could also inhibit
water diffusion, explaining the obtained results. Actually, the two
effects appear to counterbalance each other.

With the aim of evaluating their possible synergic effects, binary
and ternary PLA based nanocomposites, prepared by combining
two processing procedure (masterbatch and reactive melt grafting)
and containing both CNC and LNP without any further modification,
were produced. Antibacterial activity, oxidative behaviour, migra-
tion and disintegrability activity of all produced films were tested
and here reported, taking into account a possible final application
of the produced formulation as food packaging materials.

2. Experimental

2.1. Materials

Poly (lactic acid) (PLA 3251D—specific gravity of 1.24 g cm−3and
melt flow index of 35 g (10 min)−1 (190 ◦C, 2.16 kg) was  sup-
plied by NatureWorks LLC, USA. Pristine lignin was supplied by
CRB (Centro Ricerca Biomasse, University of Perugia) and lignin
nanoparticles were synthesized as previously reported [19]. Micro-
crystalline cellulose (MCC, dimensions of 10–15 �m), used as
cellulose nanocrystals precursor during the hydrolysis procedure,
was supplied by Sigma-Aldrich®. All the chemical reagents were
supplied by Sigma-Aldrich® and used as received.

2.2. Preparation of masterbatches (MBs)

PLA grafting with glycidyl methacrylate was  performed in a
twin-screw microextruder (DSM Explorer 5&15CC Micro Com-
pounder) in presence of dicumyl peroxide as initiator. Before being
used for grafting, GMA  was stored in the refrigerator at 5◦ C. DCP
content was set as 1 wt.% of the PLA weight, while GMA  was fixed
at 10 wt.% of the PLA weight. DCP and GMA  (DCP/GMA ratio = 0.1)
were mixed and the obtained solution was sprayed onto dried PLA
matrix. Screw speed of 100 rpm, mixing time of 8 min and a tem-
perature profile of 165–175–180 ◦C were selected to realize the
grafting reaction. The content of PLA grafted with GMA  (g-PLA), to

be used as a compatibilizer in the resulting nanocomposites, was
fixed at 15 wt.%. The compositions of different masterbatches are
MB1  (PLA+1.17 wt.% CNC), MB2  (PLA+3.53 wt.% CNC), MB3  (grafted
PLA+6.67 wt.% LNP) and MB4  (grafted PLA+20 wt.% LNP).
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Table 1
Nanocomposite formulations.

Formulations PLA (wt.%) g-PLA (wt.%) LNP (wt.%) CNC (wt.%)

PLA 100 – – –
PLA-1LNP/1CNC 83 15 1 1
PLA/3CNC 82 15 3
PLA-1LNP/3CNC 81 15 1 3
PLA/3LNP 82 15 3 –
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PLA-3LNP/1CNC 81 15 3 1
PLA-3LNP/3CNC 79 15 3 3

.3. PLA nanocomposite processing

Binary and ternary nanocomposite films were manufactured
y using a twin-screw microextruder. Conditions of 100 rpm
crew speed, 2 min  of dwell time and a kneading temperature of
80–195–210 ◦C were employed to optimize material final proper-
ies, after which, a film forming process with a head force of 180 N
nd a die temperature of 200 ◦C was used, in order to obtain PLA
nd PLA nanocomposite films with a thickness ranging from 20 up
o 80 �m.  The materials, designed as PLA/3CNC and PLA-3LNP with
irect incorporation of 3 wt.% . of CNC and LNP (mixing time 2 min)
fter 8 min  of PLA heating, were produced as control, while the
ernary PLA nanocomposite films having the code PLA-1LNP/1CNC
onsisted of 85% wt. MB1  and 15% wt. MB3, respectively. The sys-
em containing 85 wt.% of MB2  and 15 wt.% of MB3  was denoted as
LA-1LNP/3CNC, while PLA-3LNP/1CNC represented the material
omposed of 85 wt.% of MB1  and 15 wt.% of MB4. Finally, PLA-
LNP/3CNC was indicated as the material obtained through the
ixture of 85 wt.% MB2  and 15 wt.% MB4. The final compositions

f the formulations, in terms of LNP and CNC content, are reported
n Table 1.

The microorganisms used for antimicrobial assay were Pseu-
omonas syringae pv. tomato,  Xanthomonas arboricola pv. pruni and
anthomonas axonopodis pv. vesicatoria. The bacteria were pro-
ided by French Collection of Plant Pathogenic Bacteria (CFBP) and
re labelled CFBP 1323, CFBP 3894 and CFBP 3274, respectively.

.4. Methods

.4.1. Antibacterial activity
Biocidal activity of neat PLA film and PLA nanocomposites

ontaining lignin nanoparticles and/or cellulose nanocrystals was
valuated against different plant pathogenic bacteria, such as Pseu-
omonas syringae pv. tomato (Pst), the causal agent of tomato
Lycopersicon esculentum Mill.) bacterial speck, able to determine
erious damages on all aerial tomato organs (leaves, stems, peti-
les, flowers, fruits), X. axonopodis pv. vesicatoria (Xav), the causal
gent of bacterial spot disease in pepper and tomato plants, which
auses symptoms throughout the above-ground portion of the
lant including leaf spots, fruit spots and stem cankers [30], and
. arboricola pv. pruni (Xap), the causal agent of relevant damages
bud necrosis, leaf spot, leaf defoliation, cankers on twigs, fruit
eformation) on Prunus spp. (almond, peach, cherry, plum, apri-
ot). These bacteria affect worldwide some fruits and vegetables
rown/production, causing serious damages on all organs (includ-
ng fruits that resulted unmarketable) and economically important
ield losses [31]. In particular, the antibacterial activity of the binary
nd ternary nanocomposites produced with the higher content of
NP nanoparticles (PLA/3LNP and PLA-3LNP/1CNC) was  evaluated
nd tested with respect to known (CFBP) Pst,  Xav or Xap strains,
tilised at a concentration of 1 × 106 CFU mL−1. PLA neat film was

lso tested and used as control thesis. Pst,  Xav and Xap subcultures
ere obtained by growing bacteria for 48–72 h at 25 ± 2 ◦C using
utrient Agar (NA), supplemented by Sucrose (S) 5% (NAS). The
xperiments were carried out using Nutrient Broth (NB) 4% by the
cal Macromolecules 89 (2016) 360–368

broth medium test [32]. The thesis (PLA as control, PLA/3LNP and
PLA-3LNP/1CNC) were constituted by 3 replicates each; 5 sterile
glass tubes per thesis, each containing 5 mL  of liquid broth (NB)
with 1 × 106 CFU/mL of Pst, Xav or Xap and 1 sample (3.24 cm2)
per nanocomposite films, were arranged. All tubes were placed
on a reciprocal shaker for 48 h at 25 ± 2 ◦C at 150 rpm. Samplings
from all tubes/thesis were carried out at 0, 3, 12, 24 h after bacte-
rial inoculation and serial dilution were carried out and plated on
NAS. After 48 h at 25 ± 2 ◦C the number of Pst, Xav or Xap bacterial
colonies was  counted. All data were statistically elaborated using
GraphPad Prism 4 software by analysis of variance (ANOVA) and
significance of treatments was determined using Tukey’s HSD test
(p ≤ 0.05) [33].

2.4.2. Antiradical activity of LNP solution and PLA nanocomposite
films

The antiradical activity of LNP solution was  tested by using
a spectroscopic method, based on the disappearance of the
absorption band at 517 nm of the free radical 2,2-diphenyl-1-
picrylhydrazyl (DPPH) (Sigma-Aldrich), upon reduction by an
antiradical compound [34]. The test consisted in adding certain
amount of the LNP aqueous solution into 2 mL  of a DPPH solution in
methanol (25 mg  L−1), then different concentrations of LNP solution
(0, 10, 25, 50 mg  L−1) were prepared and the intensity of the 517 nm
absorption band was measured overtime by using an ultraviolet-
visible (UV–vis) spectrophotometer (Varian (Cary 4000, USA)). In
the case of film samples, we  adopted the method reported in [10].
The antioxidant capacity was expressed as the ability to scavenge
the stable radical DPPH, which was  calculated as radical scavenging
activity (RSA) using the following equation (Eq.(1)):

(RSA, %) =
[

Acontrol − Asample

Acontrol

]
∗ 100 (1)

where AControl and ASample are the absorbance of the control
(methanol) at t = 0 min  and tested sample at different incubation
times, respectively.

2.4.3. Antiradical activity of migrating substances
DPPH radical scavenging activity for PLA films containing lignin

nanoparticles was  determined according to the method proposed
by Byun et al. [35] and Domenek et al. [10], with a slight modifica-
tion. Film (0.1 g) was cut into small pieces and immersed in 2 mL  of
methanol for 24 h at room temperature. The obtained supernatant
was analyzed for evaluation of DPPH radical scavenging activity: an
aliquot of methanol extract (1 mL)  was  mixed with 1 mL  of DPPH in
methanol (50 mg  L−1). The mixture was  maintained at room tem-
perature in the dark for 60 min. The absorbance was  measured at
517 nm using a UV–vis spectrometer (Varian (Cary 4000, USA). The
mixture solution of methanol extracted from neat PLA and DPPH
methanol was used as control. DPPH radical scavenging activity
was calculated by using Eq. (1), where Asample was the absorbance
of sample and Acontrol was  the absorbance of the control.

2.4.4. Overall migration activity of PLA nanocomposite films
Taking into account the possible application of the produced PLA

nanocomposites for fresh food packaging, overall migration tests
were run in triplicate in simulant A (10% (v/v) ethanol/water solu-
tion) and alternative simulant D2 (isooctane). Rectangular strips of
10 cm2 in 10 mL  of food simulants were used. Samples were kept in
the ethanol solution in a controlled atmosphere at 40 ◦C for 10 days,
according to European Commission Regulation EU 10/2011, while

samples in isooctane were kept at 20 ◦C for 2 days, according to
European Standard EN 1186-1/2002. At the end of the experiment,
films were removed and the simulants evaporated. The residues
were weighed with an analytical balance with ±0.01 mg  precision
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nd the migration value in mg  kg−1 of each simulant was deter-
ined.

.4.5. Disintegrability activity in composting conditions
Disintegrability of PLA and PLA nanocomposites films was  eval-

ated by means of a disintegration test in composting conditions
ccording to the ISO-20200 standard. A specific quantity of com-
ost, supplied by Gesenu S.p.a. (Italy), was mixed together with
he synthetic biowaste, prepared with certain amount of sawdust,
abbit food, starch, sugar, oil and urea. The water content of the
ubstrate was around 50 wt.% and the aerobic conditions were guar-
nteed by mixing it softly. The samples were buried at 4–6 cm depth
n perforated boxes, containing the prepared mix, and incubated at
8 ◦C. The (15 mm × 15 mm)  films were recovered at different disin-
egration steps, washed with distilled water, dried in oven at 37 ◦C
or 24 h, and weighed. The disintegrability value was obtained nor-

alizing the sample weight, at different stages of incubation, to the
nitial ones.

. Results

.1. Antibacterial activity

The antibacterial response induced by PLA based formulation
ontaining LNP and/or a combination of LNP and CNC against Pst,
av,  and Xap bacteria (due to their remarkable negative impact
n important crops (tomato, pepper and several stone fruit)), was
nvestigated. The idea was to elucidate the mechanisms of antibac-
erial activity of PLA based films containing the two different
ignocellulosic nanoparticles.

Control thesis (PLA) film revealed its inability respect to
he bacterial cell multiplication over the time, indeed it sup-
orted Xav bacteria growth. PLA showed Xav values ranging
rom 5.6 × 105 to 1 × 108 CFU mL−1 and, in particular, they were
f 5.6 × 105 CFU mL−1, 6.1 × 105 CFU mL−1, 6.0 × 106 CFU mL−1,
.2 × 108 CFU mL−1, and 1.9 × 107 CFU mL−1 at 0, 3, 12, 24, and 48 h,
espectively (Fig. 1a).

At the same time of samplings, in the case of PLA film contain-
ng 1 wt.% of CNC and 3 wt.% of LNP, Xav values recorded were
s 6.3 × 105 CFU mL−1, 3.4 × 105 CFU mL−1, 6.4 × 106 CFU mL−1,
.3 × 107 CFU mL−1 and 2.9 × 106 CFU mL−1 at 0, 3, 12, 24, 48 h,
espectively. In the PLA-3LNP system, the values were registered
s 6.4 × 105 CFU mL−1, 3.1 × 105 CFU mL−1, 4.4 × 106 CFU mL−1,
.8 × 107 CFU mL−1, 5.9 × 105 CFU mL−1 at 0, 3, 12, 24, 48 h, respec-
ively. The better antibacterial activity resulted from PLA films
oaded with both LNP and CNC. In the case of Xap bacterial
est, PLA showed Xap values 1 × 106 CFU mL−1, 2 × 106 CFU mL−1,
.0 × 107 CFU mL−1, 9.0 × 107 CFU mL−1 and 1.0 × 107 CFU mL−1 at
, 3, 12, 24, 48 h, respectively (Fig. 1b).

In the PLA-3LNP system, the values were registered as
.0 × 106 CFU mL−1, 2.0 × 106 CFU mL−1, 4.0 × 107 CFU mL−1,
.0 × 107 CFU mL−1, 3.0 × 106 CFU mL−1 at 0, 3, 12, 24, 48 h, respec-
ively (Fig. 1b). Meanwhile, in the case of PLA-3LNP/1CNC, Xap
alues recorded were as 1.0 × 106 CFU mL−1, 3.0 × 106 CFU mL−1,
.0 × 106 CFU mL−1, 6.0 × 107 CFU mL−1 and 7.0 × 106 CFU mL−1 at
, 3, 12, 24, 48 h, respectively (Fig. 1b). At the beginning of the
ests (after 3 h), no antibacterial activity was detected in the PLA
nd PLA-3LNP systems, while an evident antibacterial activity was
bserved after 12 h of Xap inoculation, in the PLA-3LNP/1CNC sys-
em (Fig. 1b). In the case of Pst,  lignin nanoparticles and cellulose

anocrystals induced an antibacterial activity of PLA matrix.

By using PLA-3LNP/1CNC based nanocomposite, the antibacte-
ial activity resulted much more evident with respect to PLA control
ew hours (0–3 h) after Pst inoculation, while, at the end of the
cal Macromolecules 89 (2016) 360–368 363

experiments (48 h after Pst inoculation), the antibacterial activity
of the different systems tends to become quite uniform (Fig. 1c).

The antibacterial activity of lignin is usually in relation to its ori-
gin, and specifically due to the presence of phenolic compounds and
different functional groups containing oxygen (−OH, −CO,  −COOH)
in its structure. Furthermore, it is known that its biocidal activity
is expressed on bacterial cell membrane causing severe damages
and lysis of bacterial cells with consequent release of cell con-
tent. Dong et al. [36] extracted lignin from residue of corn stover,
which exhibited antimicrobial activities against Gram positive bac-
teria (Listeria monocytogenes and Staphylococcus aureus)  and yeast
(Candida lipolytica), but not Gram negative bacteria (Escherichia coli
O157:H7 and Salmonella Enteritidis)  or bacteriophage MS2. How-
ever, in our cases, lignin nanoparticles also exhibited antimicrobial
activities against Gram negative bacteria. It is worth to mention
that LNP and CNC even show a synergistic effect on the Xav and
Xap in some time.

Among the nanoparticles here utilised, our results point out
original and relevant biocidal properties of PLA ternary system
containing both cellulose nanocrystals (1 wt.%) and lignin nanopar-
ticles (3 wt.%) (PLA-3LNP/1CNC). Their capacity to reduce the
bacterial survival/multiplication over the time seems to be related
to a specific negative influence on a biological property of the plant
pathogenic bacteria (X. a. pv. vesicatoria,  X. a. pv. pruni) tested.
During initial host-pathogen interaction, for these bacteria it is fun-
damental to adhere on host surface. This phenomenon it is possible
when they are able to determine the production of the biofilm; this
organic matrix is mainly constituted by lipopolysaccharides (LPSs)
and exopolysaccharides (EPSs) and results fundamental for bacte-
rial growth [37,38]. In this sense, the combination of lignocellulosic
particles, even at a low concentration, resulted effective against the
LPSs/EPSs development. In fact, within other physicochemical fac-
tors, such as solution chemistry and presence of multivalent ion
species, they induce the Xav and Xap bacterial aggregation, inhibit-
ing the subsequent bacterial initial surface adhesion and the biofilm
formation [39]. Different results were obtained with respect to
the causal agent of bacterial spot (Pst). In this case, its capacity to
be an epiphytic bacteria with a resident phase on the host [40]
explains its specific property to produce a biofilm and to maintain
almost unchanged its fitness capacity (growth, colonization) along
the time [41].

3.2. Antiradical activity of LNP solution and polymeric films

Radicals originating from oxygen exist naturally in the atmo-
sphere or can be created by thermal processing or irradiation of
packaging and food [42]. Those radicals act as initiators of the
chain oxidation of lipids. It is therefore interesting to eliminate
theses radicals from the headspace and the bulk of the food, as an
alternative route to eliminate oxygen from the package. The rad-
ical scavenging efficiency of an antiradical substance depends on
the rate of hydrogen atom abstraction from the phenyl group and
also on the stability of the resulting radical. Strategies employed
in active packaging generally include (1) the design of active com-
pound releasing systems and (2) undesired compound scavenging
systems [43]. In the first strategy, the generation of low molecu-
lar weight substances inside the packaging film and promotion of
their migration into the foodstuff is interesting. In the second strat-
egy, one of the advantages of radical scavengers is their efficiency
upon contact without need for release of active compounds. This
has been shown for hydroxyl radicals in the gas phase scavenged by
essential oils supported on active packaging films containing essen-

tial oils [44]. The principle has been applied, as an example, in the
use of catechins in poly (ethylene terephthtalate) [45,46]. Although
different methods exist to measure the radical scavenging activity
of plastic films, the antiradical activity of LNP solutions and lignin
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Fig. 1. (a) Antibacterial activity of different films based on neat PLA, PLA film with 3 wt.% of lignin nanoparticles (PLA-3LNP), PLA ternary system containing both cellulose
nanocrystals (1 wt.%) and lignin nanoparticles (3 wt.%) (PLA-3LNP/1CNC), on the multiplication of plant pathogenic bacteria Xanthomonas axonopodis pv. vesicatoria (Xav) (CFBP
3274)  1 × 106 CFU/mL; (b) Antibacterial activity of different films based on neat PLA, PLA film with 3 wt.% of lignin nanoparticles (PLA-3LNP), PLA ternary system containing
both  cellulose nanocrystals (1 wt.% .) and lignin nanoparticles (3 wt.%) (PLA-3LNP/1CNC), on the multiplication of plant pathogenic bacteria Xanthomonas arboricola pv. pruni
(Xap)  (CFBP 3894) 1 × 106 CFU/mL; (c) Antibacterial activity of different films based on ne
containing both cellulose nanocrystals (1 wt.%) and lignin nanoparticles (3 wt.%) (PLA-3LN
pv.  tomato (Pst) (CFBP 1323) 1 × 106 CFU/mL. Data submitted to the analysis of variance (

Fig. 2. Absorption of the band at 517 nm for the free radical, 2,2-diphenyl-1-
picrylhydrazyl (DPPH) upon reduction by different concentrations (from 0 to
50  mg/L) of LNP at different times.

Table 2
Radical scavenging activity (RSA) values for LNP solutions at different concentration
and  after different times.

Concentration (mg L−1) DPPH scavenging activity, RSA (%)

Time (hs) 0 0.5 1 2 3
0  0 12.12 18.81 44.23 58.18
10  −0.72 13.02 31.32 54.12 77.24

b
a
[

r
t
s
s
t
d
a

s
m

also related to the plasticizing effect induced by the presence of the
25  20.68 61.31 81.45 85.62 85.26
50  43.04 58.83 65.30 67.78 75.91

ased PLA film was tested by the DPPH test, that is readily avail-
ble, largely used and already employed for lignin based materials
7,10,34,47].

Fig. 2 and Table 2 show both the scavenging activity of free
adical DPPH over the time for different concentrations (from 0
o 50 mg  L−1) of LNP in the methanol/DPPH solution. The results
how that DPPH scavenging activity of the lignin nanoparticles was
trong and concentration/time dependent. Increasing the incuba-
ion time and LNP concentrations, the absorbance band at 517 nm
ecreased, while DPPH scavenging activity increased, up to 81.5%
fter 1 h of incubation for 25 mg  L−1 of LNP in methanol solution.
This activity was maintained stable until 3 h, indicating how a
ustained protective action for food due to slow release kinetics
ight be possible. However, when the concentration rose up to
at PLA, PLA film with 3% wt. of lignin nanoparticles (PLA-3LNP), PLA ternary system
P/1CNC), on the multiplication of plant pathogenic bacteria Pseudomonas syringae
ANOVA) resulted significant (p ≤ 0.05).

50 mg  L−1, the absorbance band increased and the DPPH scavenging
activity declined: this result may  be attributed to the presence of
both water soluble and organic solvent insoluble fractions of lignin
[48], since at that concentration, lignin nanoparticles precipitated
and aggregated during the incubation over time in DPPH methanol
solution, inducing higher absorbance band and lower scavenging
activity than those registered at 25 mg  L−1 [49].

Fig. 3a and b shows the antioxidant activities of migrating sub-
stances for different PLA nanocomposite films immersed directly in
the methanol solution for 24 h. The neat PLA and PLA/3CNC samples
did not show any DPPH radical scavenging activity as expected, and
high plateau values of absorbance (0.9462 and 0.9306 for PLA and
PLA/3CNC, respectively) were detected. When incorporating 1 wt.%
of LNP, the RSA value of PLA-1LNP/3CNC film increased from 1.65 to
7.85%, highlighting a noticeable antioxidation response. When the
dose of LNP raised up to 3 wt.% (PLA-3LNP film), a more remarkable
DPPH scavenging activity could be obtained (19.85%). Interestingly,
the combination of LNP and CNC provokes a synergistic positive
effect in the antioxidation response of PLA ternary formulations,
since higher RSA values (25.17 and 28.45%) were registered for PLA-
3LNP/1CNC and PLA-3LNP/3CNC sample, respectively. On the basis
of this study, the LNP seems to be reasonably attractive from the
safety and marketing point of view, having lower cost and higher
antioxidant ability than �-tocopherol (vitamin E), a common com-
mercial antioxidant used in food preservation [35], moreover PLA
film incorporating a combination of lignocellulosic nanoparticles
can be used as a competitive antioxidant film in food or medical
packaging industry.

3.3. Overall migration activity of PLA nanocomposite films

Overall migration tests with food simulants were carried out
and the results are shown in Fig. 4. The idea was  to demonstrate the
possible practical application of the produced nanocomposite films
in the food packaging field. After 10 days of incubation at 40 ◦C in
ethanol 10% (v/v), the maximum migration level was  62.5 mg kg−1

of simulant measured for the PLA-3LNP/1CNC formulation. This
value is acceptable as migration limits for food contact materi-
als, 60 mg  kg−1 (or 10 mg  dm2) simulant, established by the current
European legislation. All the other PLA nanocomposite films are all
below this limit. The different migration values detected for various
formulations can be ascribed to the morphology of these systems,
that showed a porous structure, detailed discussed in [12], and are
glycidyl methacrylate that facilitated the diffusion processes [50].
In the meanwhile, the difference in thickness of the films could be
also a critical factor for the different overall migration behaviour.
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Fig. 3. Antioxidant activities of migrating substances for different PLA nanocomposite films
for  band at 517 nm (a) and colour variation of the DPPH methanol solution (b).

F
n

F
s
l
i

ig. 4. Overall migration in 10% (v/v) ethanol and isooctane for PLA and PLA
anocomposites.

◦
or the migration values in isooctane for 2 days in 20 C, the results
howed the opposite tendency respect to ethanol 10% (v/v) simu-
ant. The highest overall migration value detected was  52.4 mg  kg−1

n the case of PLA-1LNP/1CNC. It should be pointed out that all the
 immersed directly in the methanol solution for 24 hs: monitoring of the absorbance

migration values for the studied systems are well below the over-
all migration legislative limits, suggesting the possibility to use the
proposed formulations for food packaging. Actually, based on the
migration results, the studied films are more suitable in packag-
ing for fatty food, as lower overall migrating values were detected
when incubating in isooctane simulant in comparison with ethanol
10% (v/v) simulant.

3.4. Disintegrability activity in composting conditions

The disintegration in composting conditions of PLA is one of
the most attractive properties for packaging applications [51]. Its
degradation usually starts with the hydrolysis of the PLA chains
induced by the diffusion of water into the materials. The influence
over the degradation process strongly depends on the hydrophilic-
ity/hydrophobicity and dispersion of the nanoparticles. It is well
known that a delayed biodegradability due to the improved barrier
properties of the nanomaterials was  previously observed, which
could hinder the water diffusion through the bulk [52]. Fig. 5
shows photographs of all the samples at different composting times
up to 15 days. Whitening and deformation of the film surfaces
were detected just after the first day of incubation for all mate-
rials and these effects were enhanced after 3 days in composting
conditions. These results are indicative of the beginning of the

hydrolytic degradation, when taking into account the thickness
difference between them. The loss of transparency observed for
all samples could be attributed to changes in the refractive index
due to the water absorption and the formation of low molecular
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0 day) and after different stages of disintegration in composting at 58 ◦C.
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Fig. 5. Visual observation of PLA and PLA nanocomposites before (

eight compounds after the hydrolytic degradation [53,50]. The
olour changes are also linked with sample degradation process
nd embrittlement, leading to their breakage. It has been indicated
hat the PLA hydrolysis begins in the amorphous region of the poly-

er  structure and all these effects would also result in changes in
he polymer cristallinity and consequently in loss of transparency
54]. Moreover, it should be taken into account that the degrada-
ion experiments took place at 58 ◦C, which is the region of glass
ransition of PLA. This could increase the chain mobility, inducing
he crystallization of the PLA matrix. The disintegrability was also
valuated in terms of mass loss at different incubation times.

The disintegration process takes place between 7 and 10 days of
ncubation, as reported in Fig. 6, in accordance with our previous
tudy [19]. The disintegrability value remains constant for all sys-
ems until 3 days of incubation, while reaches 30–50% at 10 days
or all PLA nanocomposite films. The highest disintegration values
around 50%) were detected for PLA and PLA formulations loaded
ith 3 wt.% of LNP (binary and ternary films), while lower val-
es of disintegration (around 20–30%) were detected, after 10 days
f incubation, for PLA/3CNC binary film and PLA-1LNP/1CNC or
LA-1LNP/3CNC ternary formulations. Finally, all the studied for-
ulations showed a disintegrability value up to 90% after 15 days

f incubation in composting conditions.

. Conclusions
PLA systems containing cellulose nanocrystals and lignin
anoparticles revealed an innovative capacity to inhibit the bac-
erial growth along the time. Their biodegradability and the
Fig. 6. Disintegrability values of PLA and PLA binary and ternary nanocomposites at
different stages of incubation in compost.

environmental properties offer innovative opportunities against
dangerous bacterial plant pathogens like X. axonopodis pv. vesica-
toria and X. arboricola pv. pruni. Risk of remarkable economic losses
caused by several microorganism, like these phytobacteria, during

post-harvest phases until to consumers, are a concrete problem to
be solved and these nanoparticles reveal a green potentiality in this
sense.
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Radical scavenging activity of free radical DPPH over the time
or different concentrations of LNP in the methanol/DPPH solu-
ion reveals high antioxidation activity even at 25 mg  L−1 due to
he hydrogen atom abstraction from the phenyl group in LNP,
hich will eliminate oxygen from the package. In the meanwhile,
igrating substances for the films containing LNP also show high

ntioxidation activity. Based on these results, the LNP can be
mployed in both active packaging strategies, generally includ-
ng (1) the design of active compound releasing systems and (2)
ndesired compound scavenging systems, which seems to be rea-
onably attractive from the safety and marketing point of view,
aving lower cost and higher antioxidant ability. Migration val-
es for the studied systems are well below the overall migration

egislative limits, suggesting the possibility to use the proposed
ormulations for food-packaging. Actually, the studied films are

ore suitable in packaging for fatty food based on the lower overall
igrating values detected when incubating in isooctane simulant
hen comparing with ethanol 10% (v/v) simulant. Results of dis-

ntegrability tests in composting conditions proved that PLA and
LA formulations loaded with 3 wt.% of LNP (binary and ternary
lms) have higher values of disintegration after 10 days of incuba-
ion in comparison to PLA/3CNC binary film and PLA-1LNP/1CNC
r PLA-1LNP/3CNC ternary formulations, which may  be ascribed to
he lower crystallization ability for LNP.
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