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Abstract

Binary and ternary polymeric films based on polyvinyl alcohol (PVA), chitosan (CH)
and lignin nanoparticles (LNP) added at two different amounts (1 and 3 wt %) were produced
by solvent casting. Thermal, optical, mechanical properties, migration, antioxidant and anti-
bacterial activities, as well as morphologies of binary and ternary PVA/CH/LNP nanocompo-
sites, were investigated. Mechanical results revealed that the addition of LNP enhanced the
tensile strength and Young’s modulus of PVA, producing also a toughness effect in CH ma-
trix. Higher cristallinity values measured in calorimetric characterization confirmed how well
dispersed LNP could effectively provide nucleation effects in PVA. Furthermore, LNP nota-
bly improved the thermal stability of the binary and ternary nanocomposite systems. In addi-
tion, LNP and CH synergically influenced the antioxidation response of the produced films,
on the basis of disappearance, at 517 nm, of 2,2-diphenyl-1-picrylhydrazyl (DPPH) absorp-
tion band. Overall migration tests showed that the migration level is well below the legislative
limits for food contact materials, whereas antimicrobial assays revealed a capacity to inhibit
the bacterial growth of Gram negative Erwinia carotovora subsp. carotovora and Xanthomo-
nas arboricola pv. pruni over the time, suggesting innovative opportunities against bacterial

plant/fruit pathogens.

Keywords: polyvinyl alcohol, chitosan, lignin nanoparticles, nanocomposites, bacterial plant

pathogens, antioxidant activity.
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1 Introduction
The need of using environmentally and eco-friendly materials, in substitution of other

traditional non-degradable plastics derived from fossil fuel feed stocks, is constantly directing
the research activities towards the investigation and use of different biopolymers in many po-
tential applications, including food packaging (De Azeredo, 2009; Ruiz-Hitzky, 2013). How-
ever, these materials generally present low mechanical resistance and high sensitivity to en-
vironmental conditions. As a result, many attempts have been carried out to develop films
based either on blends of different biopolymers or containing fillers (Rhim et al., 2013), natu-
ral based plasticizers (Vieira et al., 2011) and nanoreinforcements (Rhim and Ng, 2007), able
to improve specific properties for packaging application purpose. Polyvinyl alcohol (PVA) is
a water soluble and semi-crystalline plastic, widely utilized not only in food packaging, but
also in some other applications, like biomedical, household and construction sectors, because
of its excellent properties, including solvent resistance, mechanical performance and biocom-
patibility (Kubo and Kadla, 2003; Liu et al., 2014). Nevertheless, PVA has some drawbacks
like low biodegradation rate and high moisture absorption. In order to improve its environ-
mental eco-friendliness and performance, PVA is usually mixed with other biopolymers
and/or biobased reinforcements: it has been utilized as matrix for nanocellulose (Fortunati et
al., 2013a; Fortunati et al., 2013b; Ibrahim et al., 2010; Lee et al., 2009; Voronova et al.,
2015), micro/nano lignin (Hu et al., 2016; Nair et al., 2014a; Xu et al., 2013), and it has been
also blended with chitosan (Bonilla et al., 2014; Lee et al., 1996; Srinivasa et al., 2003).
Chitosan (CH), a copolymer of 2-glucosamine and N-acetyl-2-glucosamine units, is a
polysaccharide isolated from crustacean shells, like crab and shrimp. It has been widely stud-
ied for application in biosensors, tissue engineering, separation film, water treatment, due to
its excellent properties as antioxidant, antibacterial agent, and for its good biocompatibility
and biodegradability (Crini and Badot, 2008; Kumar, 2000; Rinaudo, 2006). However, some
disadvantages, such as dissolution in highly acidic solution, low surface area, high cost, poor
thermal and mechanical properties, restrict its applications. It is expected that the combination
of PVA with chitosan should have considerable effects on biological activities of the films,
taking into consideration the good biological performance of neat chitosan. Studies on

PVA/chitosan blend films have been reported in (Srinivasa et al., 2003), where the authors
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studied how to modulate the chain flexibility of chitosan membrane for different specific
purposes. Bonilla et al. (Bonilla et al., 2014) studied the blending of PVA with CH in differ-
ent compositions to obtain biodegradable films (PVA:CH mass ratio of 90:10, 80:20 and
70:30). The structural, thermal, mechanical, barrier properties, as well as antimicrobial activ-
ity, were tested for neat PVA and blends. Results revealed that PVA and CH have good com-
patibility, but the chitosan induced a reduction of crystallinity of the blends. Moreover, addi-
tion of chitosan significantly reduced the film deformability and simultaneously increased the
film rigidity, mainly at the ratio (70:30) of PVA:CH. Additional advantage of using chitosan
coupled with PVA films is related to the possibility of both decreasing UV transmittance and
providing, at the same time, antimicrobial activity. Abou-Aiad et al. (Abou-Aiad et al., 2006)
used minimum inhibitory concentration (MIC) method to investigated the biological activities
of PVA/CH against a representative number of pathogenic organisms. They found that the
MIC for PVA/CH blend decreased with increasing amount of CH dose in the blends.

Lignin, which makes up 20-30% of the cell walls of plants, is the second most abundant
natural polymer next to cellulose. It has always been utilized in low-value fields, for example
heat and electricity generation. Nowadays, many researchers are realising that its abundance
could not only potentially resolve the problem of rapid depletion of resources, but it could
also gain higher value, reconsidering its use as antioxidant, UV absorbent, antimicrobial and
reinforcement agent, carbon precursor and biomaterial for tissue engineering and gene therapy
(Kai et al., 2016; Thakur et al., 2014).

Hu et al. (Hu et al., 2016) investigated PVA/modified lignin (eucalypt lignosulfonate
calcium) composites, and showed that microlignin was homogenously dispersed in PVA ma-
trix, due to the strong interactions. DSC results shave shown that only one T4 can be observed
at the selected blend ratios, indicating a good miscibility. Thermogravimetric analysis also
suggested that a very small amount (3 wt %) of lignin could significantly alter the thermal
decomposition temperature of PVA. Actually, lignin nanoparticles (LNP) extracted from pris-
tine alkali lignin by hydrochloric acidolysis, have shown to have more remarkable effects than
the large particles at lower loading in biopolymeric nanocomposites, as reported in previous
published works (Yang et al., 2015a; Yang et al., 2015b; Yang et al., 2015c). Looking again

at the nanoscale, Nair et al. (Nair et al., 2014a) reported that nanolignin particles were more
3
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effective than original lignin in increasing the thermal stability when used with polyvinyl al-
cohol,. Nair et al. (Nair et al., 2014b) also prepared and characterized a range of chitosan —
alkali lignin composites to remove the harmful effluents (dyes and metal ions) present in
waste water. Various parameters (chitosan content, initial pH and adsorbent dosage) were
studied. Batch adsorption studies revealed that CH:lignin (50:50) composite exhibited maxi-
mum percentage removal of anthraquinonic dye, Remazol Brilliant Blue R and Cr(VI) com-
pared to other cases. A recent study also reported the use of nanoparticles combining chitosan
and lignosulfonates for cosmetic and biomedical uses (Kim et al., 2013). Greater stability to
lysozyme degradation, antimicrobial activity and biocompatibility with human cells were ob-
tained upon lignosulfonates incorporation into chitosan nanoparticles. However, no examples
are available in the literature that approached the use of lignin based material at the nanoscale
in chitosan or in PVA modified chitosan films.

According to this, in the present work lignin nanoparticles were introduced both in bi-
nary (PVA or chitosan) and ternary (PVA/chitosan (90:10) blend) nanocomposite systems
with different weight loading by solvent casting approach. Thermal, mechanical, optical
characterization, overall migration activity, and antiradical and antibacterial activity of the
produced formulations towards two different plant/fruit pathogens were tested and here re-
ported. This work may provide a new potential application for PVA and CH based nanocom-
posite films and their blends containing high-performing lignin nanoparticles in food packag-

ing sector.

2 Experimental
2.1 Materials

Polyvinyl alcohol (PVA) (Mw 124-146 kg mol™, 99% hydrolysed) and high molecular
weight chitosan (CH), (practical grade, Batch MKBBO0585, degree of deacetylation >77%,
viscosity: 1220 cPs, 1.61 x 10° Da), were supplied by Sigma—Aldrich. Pristine lignin, ob-
tained as bio-residue of conversion of Arundo donax L. biomass to bioethanol in a steam ex-
plosion pre-treatment was supplied by CRB (Centro Ricerca Biomasse, University of Perugia)
(Cotana et al., 2014). All the chemical reagents were supplied by Sigma—Aldrich®and used as

received.
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2.2 Methods
2.2.1 Preparation of binary PVA/LNP, CH/LNP and ternary PVA/CH/LNP nanocomposite
films

LNP suspension was extracted from pristine lignin via hydrochloric (HCI) acidolysis, as re-
ported in (Yang et al., 2015c). Binary nanocomposite formulations were prepared diluting
PVA in millipore water at 1.5% (wt/wt) under magnetic stirring at 90 °C for 3 h., maintained
up to reach room temperature (RT). After that, PVA solutions were mixed with different
amount of LNP (0, 1 and 3 wt %, respectively) in aqueous suspensions and then sonicated
(Vibracell 75043, 750 W, Bioblock Scientific) for 5 min at 40% of amplitude, obtaining films
labelled as PVA, PVA/1ILNP and PVA/3LNP.

Chitosan (0.15% wt/wt) was dissolved in water containing 1% v/v of glacial acetic acid under
stirring for 12 h at 40 °C, after that the same procedure selected for PVA based films was
considered, and nanocomposite films designed as CH, CH/ILNP and CH/3LNP, were pro-
duced. For the preparation of ternary P\VA/CH/LNP nanocomposites, the films were prepared
through mixing PVA and CH solutions at 90:10 mass ratio (on the basis of results from pre-
vious optimised studies) (Bonilla et al., 2014), followed by the same procedures applied for
the realization of PVA/LNP based films. The resulted ternary composites were designed as
PVA/CH, PVA/CH/1LNP and PVA/CH/3LNP, respectively (Table 1). The dispersions were
cast in levelled polytetrafluorethylene (PTFE) Petri dishes (9 cm diameter, 15 g/solution per
dish) and dried in the oven at 40 °C, at about 40% relative humidity (RH), for 1 day. The
films were peeled off and stored in chambers with saturated Mg(NO3), solutions at either 53%

RH 25°C, prior to all analyses.

2.2.2 Fourier-transform infrared (FT-IR) spectroscopy

FT-IR spectra were recorded using a Nicolet iS50 FT-IR spectrometer (Thermo Scientific)
equipped with attenuated total reflectance accessory (ATR). The FT-IR spectra were meas-
ured at RT in the range of 400-4000 cm . Measurements of absorbance were taken with

DTGS KBr detector with 2 cm * resolution and 32 scans for each sample were averaged.
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2.2.3  Tensile properties

According to the UNI ISO 527-1 standard, tensile tests of the films were carried out via a
Universal Testing Machine (digital Lloyd instrument) to obtain the true stress-strain curves.
Rectangular samples (1 x 5 cm?) were prepared and conditioned at room temperature in a box
with Mg(NOs3), saturated solution (53% RH). Equilibrated film samples were fixed in the
film-extension grips and stretched until breakage. A 500 N load cell and a 5 mm
min~crosshead speed were used. The tests were performed at RT and at least six duplicates
for each formula were measured. Tensile strength ([1), Young modulus (E) and elongation at

break ([J,) were evaluated.

2.2.4 Differential scanning calorimetry (DSC)

About 5 mg of film samples were tested by using a differential scanning calorimeter (DSC,
TA Instrument, Q200). Measurements were performed in the range from -25 °C to 220 °C
under nitrogen flow, at a heating rate of 10 °C/min. After the first heating step, cooling and
second heating steps were also performed. Glass transition temperature (Ty), melting tem-
perature (Trm) and melting enthalpy ([1Hp,) were determined, respectively, during the cooling
and the 2" heating scans. Three tests for each material were repeated. The cristallinity degree
was calculated as:

;(=AH—"‘><100
AH mo (1_mf) (1)

where AH, is the melting (or crystallization) enthalpy, AHyo is the melting enthalpy for a
100% crystalline PVA, 161.6 J/g (Roohani et al., 2008) and (1 - my) is the PVA mass ratio in

the measured samples.

2.2.5  Thermogravimetric analysis (TGA)

TGA tests were implemented through a thermo gravimetric analyzer (TGA, Seiko Exstar
6300). Approximately 8 mg of samples were heated from 30 to 700 °C under nitrogen at-
mosphere at a heating rate of 20°C/min. The weight-loss rate and maximum thermal degrada-
tion temperature (Tmax) Were collected from derivative thermogravimetric (DTG), together

with the residue at 600 °C.
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2.2.6  Overall migration activity

Considering the potential use of the PVA nanocomposite films in fresh food packaging
fields, overall migration measurements were carried out in simulant D2 (isooctane). Based on
the European Standard EN 1186-1/2002, rectangular strips of 10 cm? in 10 mL of food simu-
lants were utilized. Samples were maintained in the isooctane solution in standard conditions
for 2 days at 20 °C. After finishing the incubation, films were removed out and the simulants
were poured into glass dishes and evaporated. The migration value (mg kg ) of the simulant

was determined by weighing the residues with an analytical balance (+0.01 mg precision).

2.2.7 Antiradical activity of migrating substances

DPPH radical scavenging activity for PVA and chitosan films containing lignin nanopar-
ticles was determined on the basis of the method reported by Byun et al. (Byun et al., 2010)
and Domenek et al. (Domenek et al., 2013)], with a slight modification. Film (0.1 g) was cut
into small pieces and immersed in 2 mL of methanol for 24 h at ambient temperature. The
obtained supernatant was collected for evaluation of DPPH radical scavenging activity:
methanol extract (1 mL) was mixed with DPPH in methanol (1 mL, 50 mg/L™), resulting in a
25 mg/L™* DPPH concentration solution. The mixture was maintained at RT in darkness for 1
h. Absorbance values at 517 nm were taken by using a UV-Vis spectrometer (Varian, Cary
4000). The mixture solution of methanol extracted from neat PVA and DPPH methanol was
used as control. DPPH radical scavenging activity was calculated by Equation 2, where Agam-

ple Was the absorbance of sample and Acontrol Was the absorbance of the control.

Acontrol - Asample

ontrol

(RSA%) = { }*100 )

2.2.8 Colour test and optical properties

Colour variation was investigated with a spectrophotometer (CM-2300d Konica Minolta).
Data were collected by using the SCI 10/D65 approach. CIELAB colour variables, defined by
the Commission Internationale de 1'Eclairage (CIE 1995) (CIE, 1995), were considered. Film

samples were placed on a white standard plate and L*, a*, and b* values were determined. L*
7
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(0-100) indicates tendency towards whiteness; a* (-80-100) indicates tendency from green-
ness towards redness and b* (-80-70) indicates tendency from blueness towards yellowness.
Three measurements were randomly taken on each film, AE, defined as the colour differ-
ence among films, was also calculated, as indicated in Equation (3), designing PVA as con-

trol:

AE = \/(AL")? + (Aa*)? + (Ab¥)? (3)

The colour tests were additionally verified using a Varian (Cary 5000) UV-Vis spectrometer
equipped with an integrating sphere. Data were presented in CIE1931 colour variables.

Light transmittance of the PVVA nanocomposite films was tested via a Varian UV-Vis spec-
trometer (Cary 4000). The scan from 250 to 900 nm was performed at 240 nm/min speed,

thickness of all samples were normalized as 20 pm in the test.

2.2.9 Microstructure

Morphology of the cross-sections of the PVA films was analyzed via a Field Emission Scan-
ning Electron Microscope (FESEM) Supra 25-Zeiss. Film specimens were cryo-fractured in
liquid nitrogen and the surface was then gold coated. Observation was performed by using an

accelerating voltage of 5 kV.

2.2.10 Antibacterial activity

Biocidal activity of neat PVA, CH, PVA/CH films and nanocomposites containing lignin
nanoparticles was evaluated against Xanthomonas arboricola pv. pruni (Xap - 3894) and
Pectobacterium carotovorum subsp. odoriferum (Pco - 1115) bacterial plant pathogens. Both
bacteria are able to cause damages to fresh fruits/vegetables in open field and during
post-harvest phases. In particular, Pco - 1115 is especially dangerous, due to its ability to de-
velop severe soft rot, determining relevant economic losses on fresh vegetables and stored
fruits (Waleron et al., 2014). Xap - 3894 is a quarantine bacterial plant pathogen, responsible
for damages to different organs and fresh fruits of several Prunus spp. (almond, peach, cherry,
plum, apricot). The antibacterial activity of binary and ternary nanocomposite films contain-

ing 3 wt % of LNP (the highest content of LNP used in the present work) was evaluated with
8
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respect of Pco -1115 and Xap -3894 phytobacteria, utilized at an initial concentration of 1 x
10° CFU/mL. The experiments were carried out using Nutrient Broth (NB) 4% by the liquid
medium test (Schaad et al.,, 1988). The different thesis (PVA/3LNP, CH/3LNP and
PVA/CH/3LNP) consisted in 3 replicates each and 5 sterile glass tubes per thesis, each tube
containing 5 mL of liquid broth (NB) with 1 x 10° CFU/mL of Xap - 1115 and Pco - 3894 and
the various nanocomposite film samples (3.24 cm?). Neat PVA, CH and PVA/CH based films
were also tested as control. All tubes were placed on a reciprocal shaker for 48 hat 25 + 2 °C
at 150 rpm. Samplings from all tubes/thesis were carried out at 0, 1, 3, 12 and 24 h (after bac-
terial inoculation) and serial dilution were carried out and plated on NAS. After 48 h at 26 *
1 °C the number of Pco -1115 and Xap -3894 bacterial colonies were 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). (Steel and

JH Dickey, 1997).

3 Results

3.1 FT-IR analysis
The intermolecular interactions between PVA, chitosan and lignin nanoparticles were inves-

tigated by FT-IR spectroscopy. The results for PVA/3LNP, CH/3LNP and PVA/CH/3LNP
systems are reported in Figure la-c, respectively. The spectrum of neat PVA shows some
absorption peaks potentially sensitive to intermolecular interactions. These are bands at 3262
cm %, assigned to the stretching of OH group, 1077 cm ' and 1412 cm™* related to C—-O bonds
(Kanimozhi et al., 2016). Lignin nanoparticles in PVA matrix leads to intensity variation of
mentioned bands, which could be ascribed to the interaction between —OH group on the LNP
surface and the hydroxyl groups of the PVA matrix. Moreover, changes in the shape of bands
at 846 cm™ and 2900-2950 cm™ may be assigned to the conformational changes of PVA
chains. Lack of lines at wavenumbers higher than 1700 cm™ proves high degree of deacetyla-
tion of PVA. Slight modifications in intensity of some peaks, related to the presence of lignin
nanoparticles, are also visible at 1648 cm™ (water absorption) and C—C stretching of aromatic

skeleton (at 1566 cm™).
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The FT-IR spectrum of pure CH exhibits the characteristic IR peaks of NHCOCH3; at
1632 cm™* (amide | band) and NH, at 1546 cm* (amide 11 band) (Vicentini et al., 2010) that
were not modified in intensity and wavenumber when LNP were introduced. In the case of
PVAJ/CH blend, the two main characteristic peaks related to CH were shifted towards higher
wavenumbers (at 1637 cm* and at 1550 cm ™%, respectively), due to the interaction between
OH and NH bending vibration in PVA/CH, while no shift has been detected for PVA peak
measured at 1316 and 1412 cm™. Compared to the spectra of PVA/CH film, some differences
were found in the case of ternary systems: the bands at 3261 cm ™ and 1086 cm™* are shifted
towards lower wavenumber values (3251 and 1080 cm™, respectively) in the PVA/CH/3LNP.
These shifts result from a formation of intermolecular hydrogen bonds among the OH of PVA,
OH, NH of CH and OH of LNP. The FT-IR spectra of ternary system (PVA/CH/LNP) also
show an increase in the absorbance of the band at 1559 cm™: the decreased intensity ratio of
this band and 1423 cm™ band with the presence of LNP indicates that interactions are estab-

lished between LNP and PVA O-H groups.

3.2 Tensile characterization
Food packaging films are required to maintain their integrity to withstand the stress that oc-

curs during handling, storage and shipping (Kanatt et al., 2012), so tensile tests were per-
formed to evaluate the effects of LNP dose and its combination with PVA and chitosan on the
elastic-plastic response of the final produced nanocomposites. The results are reported in
Figure 2 (from 2a to 2c). Typical stress-strain curves acquired from the tensile tests are ex-
hibited in Figure 2d. When binary PVA system loaded with LNP are considered, it is ob-
served that LNP gives an significant contribution to mechanical performance of the nano-
composites, with an increase of the Young’s modulus from 1100 to 2100 MPa when 3 wt %
of LNP was incorporated in PVA matrix, along with the increase in tensile strength from 45.8
to 51.5 MPa, 91% and 12.4% higher than those of pure PVA. In the meanwhile, the elonga-
tion at break decreased from 163.4 to 115.5% and 30.5%, respectively for PVA/LLNP and
PVA/3LNP nanocomposites, while the PVA film exhibited a typical ductile behaviour. Kuko
et al. (Kubo and Kadla, 2003) reported the calculation of interaction energy density of -9.34

cal cm™ for PVA and lignin, suggesting that strong intermolecular (interfacial) interactions

10
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form between PVA and lignin, as confirmed by FT-IR analysis. Although the PVA/lignin
system is immiscible, the results showed the existence of some specific intermolecular inter-
actions between PVA and lignin. The same results were also confirmed by Korbag et al.
(Korbag and Mohamed Saleh, 2016), who used nuclear magnetic resonance and FTIR spec-
troscopy techniques. Recently, Ye et al. (Ye et al., 2016) and Hu et al. (Hu et al., 2016) also
reported that PVVA/lignosulfonate films had preferable mechanical properties than pure PVA
film, due to the primary rigidity of lignin structures and the formation of strong hydrogen
bonds.

In binary chitosan based systems, CH films proved to be the least stretchable, as opposed
to those of PVA. LNP addition did not improve the tensile strength, the modulus even de-
creased from 1334 (CH) to 995 MPa (CH/3LNP). However, the elongation at break increased
gradually from 5.72 to 17.31% with increase in LNP loading. Actually, this toughness effect
of lignin has also been reported before in other polymer systems (Mu et al., 2014; Sun et al.,
2015; Yang et al., 2015b), which could be attributed to the good dispersion of LNP in CH.

In ternary PVA/CH/LNP system, the addition of CH induced an important decrease of tensile
strength and Young’s modulus. The results demonstrated that CH has not a reinforcement ef-
fect on PVA matrix, which was consistent with previous study (Bonilla et al., 2014). Elonga-
tion at break gives information about the film flexibility and deformability: in our specific
case, the ternary systems still maintain a ductile behaviour and the deformability of the sys-
tem is recovered with 3% wt. of LNP (PVA/CH/3LNP film keeps the same level as pure PVA
film, while the elongation at break was reduced from 163.4 to 92.9 when 10 wt % of chitosan
was added to neat PVA). The mechanism is not very clear, but it is worth to note that the en-
hanced elongation at break of neat PVA in presence of LNP and chitosan could be ascribed to
the flexibility of the special lignin structure, in which ether linkages link with benzene rings

that served as internal plasticizers) (Wang et al., 2012).

3.3 Thermal analysis
DSC analysis was utilized to analyze the thermal performance of PVA, CH and LNP binary

and ternary system nanocomposites in relation to their composition. The thermal parameters

detected in the first heating, cooling and second heating scans for all films are summarized in

11
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Table 2, while DSC cooling and 2™ heating curves for PVA/LNP and PVA/CH/LNP, cooling
scan for CH/LNP nanocomposite films are reported, in Figure 3a, Figure 3b and Figure 3c,
respectively.

For pure PVA, Ty occurs at 84.6 °C and slightly shifts up to 86.9 °C when 3 wt % of LNP was
incorporated (Table 2) (Nishio and Manley, 1988). This is due to the polymer interactions
through the hydrogen bond formation. PVA is a semicrystalline polymer contaniing lots of
hydroxyl groups which form inter- and intra-molecular hydrogen bonds. Since LNP also have
a lot of hydroxyl groups in its structures, strong molecular interactions (like hydrogen bond-
ing or dipole-dipole interactions) between the polymer and LNP can be expected (Hu et al.,
2016; Kubo and Kadla, 2003; Ye et al., 2016). Binary PVA systems also showed higher crys-
tallization temperature (T¢) by about 25°C in comparison with neat PVA (T, = 201.0£0.1 °C
for PVA/3LNP, while the neat PVA registered a value of 177.6+1.2 °C) (Figure 3a). This re-
sult evidences that LNP are able to enhance the crystallization of the PVA by acting as het-
erogeneous nucleating agents. Consequently, a notable enhancement of T, values of PVA
during the 2" heating scan was registered with LNP loading (Table 2), due to reduced mobil-
ity of PVA chains. In the meanwhile, PVA/ILNP and PVA/3LNP nanocomposites exhibit
narrower endothermic peak than PVA at about 220-230°C, as shown in Figure 3Db, corre-
sponding to the melting of the crystalline phase of PVA. The calculated percentage of cristal-
linity is also shown in Table 2, where the cristallinity X. of PVA increased to 18.1 %
(PVA/3LNP) from 9.8 % (PVA) when the LNP value increased in the blend, clearly evidenc-
ing how well dispersed LNP could be serve as nucleation agents in PVA, so supporting the
results of mechanical characterization.

In the case of CH/LNP binary films, chitosan did not show significant variations in the se-
lected temperature range after the 1% and 2™ heating scans (not reported in the present study).
During the cooling procedure, modification of the exothermic curves at the T, could be visible
in the temperature range of 135-115 °C (Figure 3c). The addition of 3 wt % LNP induced a
Tg reduction from 131.2 to 123.1°C, demonstrating that LNP lead to weaken the interactions
(like hydrogen bond) between chitosan macromolecules.

In the case of PVA/CH blend, the mixture effect of compatible polymers on T, implies that its

values are intermediate between the respective pure polymers, in agreement with measured
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values for pure PVA (Bonilla et al., 2014) and CH (Kittur et al., 2002; Sakurai et al., 2000).

A less notable increase of T, in ternary systems, with respect to PVA/LNP binary system
films, was observed: as in the case of PVA/LNP binary system films, the cristallinity values
for LNP containing PVA/CH blend were also increased, probably due to the higher weight
percentages of LNP in PVA matrix (LNP account for 1.11 and 3.33 % of PVA weight in
cases of PVA/CH/1LNP and PVA/CH/3LNP, respectively).

In order to investigate the effect of LNP loading on the thermal degradation behaviour of re-
sulted composites, TG and DTG curves of pure PVA, CH and LNP binary and ternary sys-
tems were recorded (Figure 4a and Figure 4b). The peak values of DTG and the residual
weight at 600 °C, were also summarized in Table 3. The small weight loss at 75-100 °C
(about 10%) is due to the loss of adsorbed, bound water and residual acetic acid. The maxi-
mum weight loss (peak 2) at 200-300 °C was attributed to the thermal degradation of CH and
PVA. The third weight loss step at 400-450 °C is related to the PVA main thermal degrada-
tion event (Bonilla et al., 2014; Chen et al., 2008). Evidently, with increasing the dose of LNP
from 0 to 3 wt %, the peak 1 shifted from 85.0 up to 95.3°C for PVA/LNP binary system
films, from 59.2 to 79.4°C for CH/LNP binary system films and from 82.3 to 98.4°C for
PVA/CH/LNP ternary system films. This shift can be attributed to improved barrier property
of well dispersed LNP in PVA and/or CH, that efficiently delayed the removal of water and
residual acetic acid. Similar results were observed in our previous study with wheat gluten in
presence of glycerol (Yang et al., 2015c). On the other hand, the peak 2 value of PVA/CH
film was 249.1 °C, about 9 °C lower than that of neat PVA film, which confirmed that CH did
not improve the thermal resistance of PVA. When the LNP was used, these peak 2 values re-
markably increased to 278.6 (PVA/3LNP) and 277.8 °C (PVA/CH/3LNP), respectively. It is
worthwhile to note that the addition of LNP seemed not to increase the degradation tempera-
ture of CH. However, the addition of low content of LNP seemed not to influence the residual
weight of the nanocomposites. Consequently, the increasing two peak temperature values in-

dicate that the PVA films showed slightly enhanced thermal stability due to the LNP addition.
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3.4 Antiradical activity of migrating substances
In order to actively protect the packaging towards oxidation, two strategies are often em-

ployed, such as the design of active compound releasing systems and the inclusion of scav-
enging systems (Nerin et al., 2008). In this latter case, one simple method can be considered
for measurement of radical scavenging activity in the case of polymer films: DPPH assay
shows how DPPH decolorizes, as a result of reduction in absorbance values, in presence of
antioxidants (Enayat and Banerjee, 2009). The antioxidants reduce the DPPH radicals to a
yellow-coloured compound, diphenylpicrylhydrazine, and the reaction extent relies on the
hydrogen-donating ability of the antioxidants (Blois, 1958; Siripatrawan and Harte, 2010).

Figure 5 (a and b) and Table 4 show the antioxidant response of migrating substances
for different nanocomposite films directly immersed into the methanol solution for 24 h. The
pure PVA samples were regarded as control samples and did not show any DPPH radical
scavenging activity, as expected. When incorporating 1 wt % of LNP, the absorption value at
517 nm of PVA/ILNP film decreased to 0.103 from 0.4724, while RSA value increased to
78.2%, highlighting a noticeable antioxidation response. When the dose of LNP raised up to 3
wt % (PVA/3LNP film), a more remarkable DPPH scavenging activity could be obtained
(89.0%). Antioxidant properties of chitosan derivatives have been studied (Kim and Thomas,
2007; Xie et al., 2001). Compared with PVA film, chitosan film without LNP filler exhibited
some scavenging activity on DPPH (20.3%). The scavenging mechanism of chitosan is based
on the fact that the residual free amino (NH;) groups can react with free radicals to form sta-
ble macromolecule radicals, afterwards NH, groups form ammonium (NH3") groups by ab-
sorbing the hydrogen ions from the solution (Yen et al., 2008). In the films containing 3 wt %
LNP (CH/3LNP), the antioxidant activity increased more than 4.5 folds in relation to the CH
samples. It should be noted that in the ternary systems, the antioxidant activity was more cor-
respondingly evident than in binary systems, since higher RSA values (24.3, 85.6 and 91.7 %
for PVA/CH, PVA/CH/1LNP and PVA/CH/3LNP, respectively) could be obtained.

3.5 Overall migration activity
Overall migration test with food simulant D2 (isooctane) was performed and the results

are summarized in Figure 6. The idea was to examine the potential use of these nanocompo-
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site films in the fatty food packaging. After incubation for 2 days at 20 °C in isooctane solu-
tion, the maximum migration level was 30.5 mg kg of simulant measured for the
PVA/CH/3LNP material. This value is well below the migration legislative limits for food
contact materials (60 mg kg, or 10 mg dm?) simulant, established by the current European
legislation. The migration level increased with increasing loading amount of LNP in the re-
sulted binary and ternary films: the migrated substances should contain more free lignin
nanoparticles, as confirmed by the improved anti-oxidation activity of nanocomposites con-
taining 3 wt % of LNP (i.e. PVA/3LNP, CH/3LNP and PVA/CH/3LNP) (see results of sec-
tion 3.4) (Yang et al., 2016).

3.6 Colour and optical properties
The effects of LNP dose on film colour and opacity are shown in Figure 7 and Table 5.

Adding LNP into PVA and chitosan films significantly affected L*, a* and b* values of the
film surface. Films without LNP have higher L* value, while L* values of the binary PVA
films varied from 92.03 to 64.92; a* increased from 3.36 to 8.64 (indicating tendency towards
redness), b* values increased from 13.71 to 61.98 (indicating tendency towards brownish),
AE value went up to 55.62 when the LNP loading increased from 0 to 3 wt.%. The same ten-
dency could be also observed in binary CH/LNP and PVA/CH/LNP ternary films. It is also
worthy to look at the colours of prepared composites shown in CIE 1931 space chromaticity
diagram (Fig. 7a). It is clear that a tendency of colour changes, induced by presence of LNP is
the same for all materials, as it is marked by arrow in Fig.7a.

UV light resistance is strictly required to be considered when polymeric films are con-
sidered in packaging, especially in the case of light-sensitive food products (Auras et al.,
2004). Although PVA is widely applied as a packaging material, its poor UV resistance needs
to be improved in order to broaden the application sector. LNP have showed excellent UV
barrier property in our previous studies (Yang et al., 2015a; Yang et al., 2015b; Yang et al.,
2015c¢). It can be also commented that the transmittance of the previous studied nanocompo-
site films (Figure 7a) containing LNP in the UV region (for instance 320 nm) reached value
below 2 % (Table 4), confirming how these nanocomposites could be used in specific fields

where UV protection is needed. On the other hand, PVA, chitosan and their blend films

15



452

453

454

455
456
457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472
473
474

475

476

477

478

479

480

481

without LNP were more transparent (lower transmittance value at 550 nm in Table 4) than
those coupled with LNP. The opacity of the films significantly increased with increasing LNP

content.

3.7 Microstructure
Figure 8 presents the FESEM micrographs illustrating the cross section morphology of

PVA, CH and PVA/CH/LNP based films. The FESEM micrograph of pure PVA shows a
smooth surface. For PVA/ILNP and PVA/3LNP films, the LNP agglomerates can be ob-
served along with the well dispersed lignin nanoparticles in PVA matrix. Although the surface
of them is rougher than pure PVA, a very good interfacial adhesion is evidenced between lig-
nin and PVA, which contributed remarkable improvements in tensile strength and modulus
discussed in the mechanical properties section (3.2). For chitosan based films, a different sur-
face morphology was seen with respect to PVA based films. A very good interfacial adhesion
is evidenced between lignin and chitosan, however cavity and agglomerates are observed with
increasing content of lignin particles in chitosan matrix (Chen et al., 2009). PVA/CH film
shows a continuous, homogeneous phase without any evidence of phase separation. More-
over, no irregularities, such as air bubbles, pores, cracks or droplets were detected. This indi-
cates the high compatibility of the two polymers, as previously observed (Bonilla et al.,
2014). The addition of LNP increased the toughness and agglomerate dots of resulted ternary

films, but still maintaining an excellent interfacial adhesion.

3.8 Antibacterial activity
The antibacterial tests against two plant/fruit pathogens were implemented to evaluate the

effect of both chitosan and LNP (used at the highest content) as possible active agents in a
food active packaging solution. The results of bacterial growth confirmed that, in the case of
Pco - 1115 growth, its multiplication was similar to control thesis even when it was placed in
association with neat PVA, CH and PVA_CH films. Differently, bacterial development was
significantly reduced in thesis with PVA/3LNP, PVA/CH/3LNP and CH/3LNP films. In par-
ticular after 3h, the greatest Pco - 1115 reduction was recorded by CH/3LNP film with values

of 6.8 x 10° CFU/mL and the antibacterial activity of this film resulted effective over time by
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a remarkable Pco - 1115 growth reduction also after 12 h (Figure 9a). Respect to Xap - 3894
development, its growth resulted lower (after 3h) for control thesis and similarly when it was
placed with PVA, CH and PVA_CH films. On the other hand, due to the antibacterial proper-
ties of PVA/3LNP, PVA/CH/3LNP and CH/3LNP films, Xap -3894 development was ob-
served. In particular, the antibacterial activity of PVA/CH/3LNP film allowed to obtain a re-
markable reduction of Xap - 3984 growth. After the artificial bacterial inoculum, Xap - 3894
values recorded were equal to 4.1 x 10° CFU/mL, 9.8 x 10° CFU/mL, 2.6 x 10’ CFU/mL and
9.7 x 10" CFU/mL, after 1, 3, 12, 24 h, respectively, always lower to the values recorded by
all the other thesis (Figure 9b).

Bacterial plant pathogens included and tested in this study have represented a valid point of
reference to evaluate the antibacterial activity of the developed nanocomposite films. Pco -
1115 and Xap - 3894 represent practical examples of damages and losses during post-harvest
of fresh fruits and vegetables (2006; Toth et al., 2003). Binary (PVA/3LNP and CH/3LNP
films) and ternary nanocomposite systems (PVA/CH/3LNP blend) showed a remarkable anti-
bacterial activity in respect to both Pco - 1115 and Xap - 3894 phytobacteria. In particular, the
films containing both chitosan and lignin nanoparticles (PVA/CH/3LNP and CH/3LNP) re-
vealed the capacity to maintain this activity over the time. The results confirmed that the de-
veloped nanocomposite systems represent an innovative and sustainable strategy for different

packaging films chains, to preserve as well as to better successfully maintain food products.

4 Conclusions

Thermal, optical, mechanical properties, migration, antioxidant and antibacterial activities as
well as morphologies of binary and ternary polymeric films based on polyvinyl alcohol
(PVA), chitosan (CH) and lignin nanoparticles (LNP) at two different amounts (1 and 3 wt %)
were investigated. The morphology studies showed that a relatively good dispersion and an
excellent interfacial adhesion was achieved between LNP and PVA, CH and PVA/CH blend,
which contributed to remarkable improvements in the mechanical performance. Tensile re-
sults revealed that the addition of LNP enhanced the tensile strength and modulus for PVA,
and induced a toughness effect in CH matrix. LNP served both as nucleation agents in PVA

and barrier, notably delaying the thermal degradation of binary and ternary systems nano-
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composites. It can be also commented that the transmittance of the studied nanocomposite
films containing LNP in the UV region (for instance 320 nm) reached values below 2 %, il-
lustrating these nanocomposite films could be used where UV protection is necessary. In ad-
dition, LNP and CH proved to have a synergistic antioxidation response, observed on the ba-
sis of band disappearance at 517 nm for the free radical 2,2-diphenyl-1-picrylhydrazyl
(DPPH). Overall migration test shows that the migration level is well below the legislative
limits (60 mg kg* simulant) for food contact materials in the case of fatty foods. Moreover,
antimicrobial tests revealed a capacity to inhibit the Gram negative bacterial growth of Er-
winia carotovora subsp. carotovora and Xanthomonas arboricola pv. pruni along the time,
offering innovative opportunities against dangerous bacterial plant/fruit pathogens. Conclud-
ing, the results underlined the possibility to use the proposed formulations as potential novel
food contact materials for both fatty and fresh products suggesting their possible application

as active packaging formulations.
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Figure and Tables captions

Figure 1: FTIR spectra of PVA/3LNP, CH/3LNP and PVA/CH/3LNP systems.

Figure 2: Tensile strength (a), Young’s modulus (b), elongation at break (c) and stress-strain
curves (d) of PVA, CH and PVA/CH/LNP nanocomposites.

Figure 3: DSC curved of first heating (a), second heating (b) and cooling scans (c) of PVA,
CH and PVA/CH/LNP nanocomposites.

Figure 4: TG (a) and DTG curves (b) of neat PVA, CH and LNP binary and ternary nano-
composites

Figure 5: Antioxidant activities of migrating substances for different PVA nanocomposite
films immersed directly in the methanol solution for 24 hs: monitoring of the absorbance for
band at 517 nm (a) and colour variation of the DPPH methanol solution (b).

Figure 6: Overall migration in isooctane for PVA, CH and PVA/CH/LNP nanocomposites.

Figure 7: Effects of LNP dose on film colour and opacity (a) and UV-Vis spectra of binary
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and ternary PVA nanocomposite films (b).

Figure 8: FESEM cross section micrographs of PVA, CH and PVA/CH/LNP nanocompo-
sites.

Figure 9: (a) Antibacterial activity of different films based on PVA, CH and PVA/CH/LNP
nanocomposites, on the multiplication of plant pathogenic bacteria Pectobacterium
carotovorum subsp. odoriferum (Pco) (CFBP 1115) 1 x 10° CFU/mL; (b) Antibacterial activ-
ity of different films based on PVA, CH and PVA/CH/LNP nanocomposites, on the multipli-
cation of plant pathogenic bacteria Xanthomonas arboricola pv. pruni (Xap) (CFBP 3894) 1 x
10° CFU/mL.

Table 1: Binary and ternary nanocomposite formulations

Table2: Thermal parameters derived from DSC analysis of PVA, CH and PVA/CH/LNP
nanocomposites

Table 3: TGA results of PVA, CH and PVA/CH/LNP nanocomposites

Table 4: Optical properties and antioxidation activity of the migrating substances for PVA,
CH and PVA/CH/LNP nanocomposites

Table 5: Results of color test for PVA, CH and PVA/CH/LNP nanocomposites
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Table 1

Table 1: Binary and ternary nanocomposite formulations

Formulations PVA (wt %) CH (wt %) LNP (wt %)
PVA 100 - -
PVA/LILNP 99 - 1
PVA/3LNP 97 - 3
CH - 100 -
CH/1LNP - 99 1
CH/3LNP - 97 3
PVA/CH 90 10 -
PVA/CH/1LNP 89 10 1

PVA/CH/3LNP 87 10 3




Table 2

Table 2: Thermal parameters derived from DSC analysis of PVA, CH and PVA/CH/LNP nanocomposites

First heating scan Cooling Second heating scan

Materials T4 (°C) T4 (°C) T: (°C) AH (J/9) Tm (°C) Xc (%)
PVA 84.6+0.5 - 177.6x1.2 15.8+2.6 213.2+1.2 0.8+1.6
PVA/1LNP 86.2+2.1 - 192.0£1.2 22.8+1.4 221.4+5.6 14.2+0.9
PVA/3LNP 86.9+3.1 - 201.0+0.1 28.3£1.2 225.4+0.3 18.1+0.8
CH - 131.2+0.4 - - - -
CH/1LNP - 130.0+0.5 - - - -
CH/3LNP - 123.3+0.1 - - - -
PVA/CH 90.0x2.7 - 175.8+1.2 15.7£1.3 212.8+0.5 10.8+0.9
PVA/CH/1LNP 89.3+1.5 - 184.3+0.5 25.6+0.7 218.4+0.2 17.8+0.5
PVA/CH/3LNP 89.0+2.4 - 186.1+2.9 27.6x3.4 219.4+2.0 19.6+2.4




Table 3

Table 3: TGA results of PVA, CH and PVA/CH/LNP nanocomposites

Materials Temperature at peak ('C)  Residue @ 600°C (%)
Peak 1 Peak 2

PVA 85.0 258.0 114
PVA/1LNP 94.6 266.0 11.3
PVA/3LNP 95.3 278.6 12.4
CH 59.2 280.4 28.2
CH/1LNP [ 276.0 32.0
CH/3LNP 79.4 278.3 36.1
PVA/CH 82.3 249.1 15.6
PVA/CH/1LNP 93.0 267.3 12.3

98.4 277.8 15.1

PVA/CH/3LNP




Table 4

Table 4: Optical properties and antioxidation activity of the migrating substances for
PVA, CH and PVA/CH/LNP nanocomposites

Optical property Antioxidation activity

Samples Transmittance  Transmittance Absorption RSA (%)
@ 320nm (%) @ 550 nm (%) @ A=517nm
(%)

PVA (Control) 90.79 94.04 0.4724 0
PVA/1LNP 24.43 78.01 0.103 78.2
PVA/3LNP 0.39 38.40 0.0522 89.0
CH 70.62 92.20 0.3765 20.3
CH/1LNP 1.83 66.70 0.1392 70.5
CH/3LNP 1.52 44.02 0.038 92.0
PVA/CH 87.73 92.71 0.3576 24.3
PVA/CH/1LNP 1.74 74.38 0.068 85.6

PVA/CH/3LNP 0.87 52.39 0.039 91.7




Table 5

Table 5: Results of color test for PVA, CH and PVA/CH/LNP nanocomposites

PVA(control) PVA/ILNP PVA/3LNP CH  CH/ILNP CH/3LNP PVA/CH PVA/CH/1ILNP PVA/CH/3LNP

L* 92.03 67.44 64.92 92.36 84.18 12.47 93.33 69.17 60.05
a* 3.36 1.27 8.64 3.47 1.21 3.77 3.2 6.34 11.78
B* 13.71 60.33 61.98 14.06 34.44 56.18 13.43 60.74 68.38

AE - 52.85 55.62 1.26 52.38 63.89 0.49 22.27 46.62
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Figure 3
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Figure 4
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Figure 5
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Figure 7
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Figure 9b
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