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Abstract:

The growing concerns on environmental pollution and sustainability have raised the
interest on the development of functional biobased materials for different applications,
including food packaging, as an alternative to the fossil fuel-based plastic counterparts,
currently available in the market. In this work, functional wood inspired biopolymeric
nanocomposite films were prepared by solvent casting of suspensions containing
commercial beechwood xylans, cellulose nanofibers (CNF) and lignosulfonates
(magnesium or sodium), in a proportion of 2:5:3 wt.%, respectively. All films presented
good homogeneity, translucency, and thermal stability up to 153 °C. The incorporation
of CNF into the xylan/lignosulfonates matrix provided good mechanical properties to
the films (Young’s modulus between 1.08 and 3.79 GPa and tensile strength between
12.75 and 14.02 MPa). The presence of lignosulfonates imparted the films with
antioxidant capacity (DPPH radical scavenging activity from 71.6 to 82.4%) and UV

barrier properties (transmittance < 19.1% (200 — 400 nm)). Moreover, the films
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obtained are able to successfully delay the browning of packaged fruit stored over 7
days at 4 °C. Overall, the obtained results show the potential of using low-cost and eco-

friendly resources for the development of sustainable active food packaging materials.
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1. Introduction



With the increasing consciousness about environmental pollution risks, the need to
reduce the amount of plastic waste has become a pressing issue. Over the last decade,
the United Nations (UN) and the European Union (EU) implemented strategies to
promote the shift from non-biodegradable petroleum-based products to biodegradable
and biobased ones (Fiorentino et al., 2017; United Nations, 2015). Due to this pressure,
food packaging industries have been experiencing incredible advances regarding the
type of materials used to produce different packaging products. However, nowadays, the
challenges on developing new food packaging systems do not address only the
replacement of conventional plastics by biobased materials but also search on new ways
to improve their shelf-life, and the safety and quality of the packed food, corresponding
to the so-called active food packaging (Carvalho et al., 2021; Vilela et al., 2018).

The use of natural polymers, in most cases paired with selected bioactive
compounds, is a viable option for the development of eco-friendly active food
packaging materials. Several natural polymers and bioactive compounds, like (i)
alginate combined with thymol (Karimi-Khorrami et al., 2022), hydrolyzed collagen
(Janior et al., 2021) or sulfur quantum dots (Riahi et al., 2022), (ii) agar blended with
essential oils (Mostafavi & Zaeim, 2020), zinc oxide nanoparticles (Roy & Rhim,
2021), beeswax (Zhang et al., 2022) or silver nanoparticles (Roy & Rhim, 2022), (iii)
chitosan mixed with essential oils (Florez et al., 2022), ellagic acid (Vilela et al., 2017)
or epigallocatechin-3-gallate loaded melanin-like nanoparticles (Zhao et al., 2022), (iv)
keratin combined with pomelo peel pectin (Das et al., 2018) or citric acid (Ramirez et
al., 2017), (v) pullulan loaded with titanium oxide nanoparticles (Ghosh et al., 2022; Y.
Liu et al., 2019), lysozyme nanofibers (Silva et al., 2018), extracts from chestnut spiny
burs and roasted hazelnut skins (Esposito et al., 2020) or carvacrol (Xiao et al., 2022),

(vi) starch blended with fruit or tea extracts (Miao et al.,, 2021) or essential oils



(Chollakup et al., 2020; Vianna et al., 2021) and (vii) xylans combined with CNF and
ferulic acid or feruloylated arabinoxylo-oligosaccharides (Moreirinha et al., 2020),
lignin extracted from argan nutshells (Halloub et al., 2022) or essential oils (Yousefi et
al., 2020), have been investigated as biopolymeric bioactive films for active food
packaging purposes.

Wood is a natural composite constituted of cellulose nanofibers embedded in a
matrix of hemicelluloses and lignin (Berglund et al., 2020). Cellulose is the major
component of wood cell walls, providing strength and rigidity. One of the most
common hemicelluloses present in hardwoods, such as eucalyptus, are xylans which are
polysaccharides formed of B-1,4-linked xylose residues with side branches of a-
arabinofuranose and/or a-glucuronic acids, that contribute to the linkage of cellulose
microfibers and lignin in the wood cell walls (Naidu et al., 2018). Lignin is a highly
branched aromatic polymer that act as an effective barrier against microbial attacks, and
enables water and nutrient transport through plant tissues (Katahira & Elder, 2018). The
assembly of these three biopolymers in such an interesting natural material as wood is
an inspiration for the design of biobased materials with improved properties. In fact, this
combination of biopolymers has already been reported, as a possible way to
manufacture functional bioplastics. Specifically, Tedeschi et al. (2020), described a
process where microcrystalline cellulose, hydrolyzed alkali lignin and xylans from corn
core, in different proportions, were dissolved in a mixture of trifluoroacetic acid and
trifluoroacetic anhydride, stirred at 80 °C for 45 min and casted into biobased films.
However, in this reassembly process, the characteristic features of cellulose are lost in
the dissolution step. More recently, Liu et al. (2021) prepared biobased films containing
microfibrillated cellulose and alkali lignin, by vacuum filtration of suspensions

containing the two biopolymers. The produced mats were soaked overnight in a xylan



(from corncob) solution, oven-dried and hot-pressed. The obtained results showed that
the cellulose/lignin/xylan mats had superior tensile properties when compared with
those without xylans in their composition (L. Liu et al., 2021). Besides being a multi-
step process, which is not desirable for scale-up, this methodology has other limitations.
Since the cellulose/lignin mats are immersed in an aqueous solution of xylans, it is
possible that some lignin of the mats might be redispersed back into the aqueous
solution. Furthermore, there is no effective and active way to control the xylans content
since their incorporation into the mats occurs via overnight deposition from the aqueous
media.

In this context, the present work reports the preparation and characterization of wood
inspired biopolymeric nanocomposite films composed of commercial beechwood
xylans, cellulose nanofibers and lignosulfonates (magnesium or sodium), by solvent
casting for active packaging. Lignosulfonates are lignin derivatives obtained as a side
product from the sulfite pulping industry and are normally used as plasticizers in
concrete or as a pellet binders in animal feedstocks (Gopinatha Kurup et al., 2019;
Theenathayalan et al., 2022). Despite some variability in the chemical composition of
wood species, overall, it contains cellulose, between 40 — 50%, hemicelluloses (mainly
xylans, in hardwood species, as eucalyptus or beechwood) between 15 — 20% and lignin
between 20 — 30% (Neto et al., 2004). Therefore, the relative composition of the
developed films was set at 50% of CNF, 30% of lignosulfonates and 20% of xylans, in
respect to the total solids content of the films. For comparison purposes, two different
types of lignosulfonates were used, namely an industrial sample of magnesium
lignosulfonates, since they are an abundant side product a Portuguese pulp and paper
industry, and a commercially available sodium lignosulfonate. Finally, glycerol was

added to improve the plasticity of the films. The obtained films were characterized



regarding their structure, morphology, thermal stability, optical and mechanical
properties, antioxidant activity and moisture uptake capacity to properly assess their
suitability for application as biobased active food packaging materials. Lastly, a
preliminary evaluation of the performance of the films on the preservation of fresh-cut

fruit was carried out.

2. Materials and methods

2.1. Chemicals and materials

Xylan from beechwood (> 90%, weight average molecular weight (M,,) ~ 10.0 x 10°
g-mol™, number average molecular weight (M,) =~ 5.29 x 10° g-mol™ and dispersity (D)
(Mw/M,) =~ 1.89, was acquired from Apollo Scientific (Stockport, United Kingdom).

Magnesium lignosulfonates (MgLs) (aqueous solution, < 60 %) obtained from the
acidic magnesium-based sulfite pulping of Eucalyptus globulus (hardwoods) were
supplied by Caima - Industria de Celulose, S.A. (Constancia, Portugal). Lignosulfonic
acid sodium salt (NaLs, My, =~ 52 x 10% g-mol™ and M, = 7 x 10% g-mol™, (> 94 %, from
softwoods) was acquired from Sigma-Aldrich (St. Louis, Missouri, USA). Cellulose
nanofibers (CNF) (2.35 % aqueous suspension) with fibers with an average diameter of
20 — 50 nm and a zeta potential of —12.6 = 1.5 mV at pH 7 (Silva et al., 2020), was
kindly supplied by VTT Technical Research Centre (Espoo, Finland) and obtained from
softwood bisulfite fibers by combining mechanical and enzymatic treatments. Glycerol
(> 99.5%), 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical and sodium hypochlorite
(NaClO) (12.5%) were purchased from Sigma-Aldrich (St. Louis, Missouri, USA).
Commercial low-density polyethylene (LDPE) film (thickness 25 + 5 um, tensile
strength: 5 — 25 MPa, Young’s modulus: 0.1 — 0.3 GPa; elongation at break: 100 — 400
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permeability (WVP): 7.00 x 10™* g m™ s* Pa™, oxygen transmission rate (OTR): 7004
cm® m? day! and oxygen permeability (OP): 175 cm® mm m? day’ atm™)
(Goodfellow, 2023) was purchased from Sigma-Aldrich (St. Louis, Missouri, USA).

Any other chemicals and solvents used were of laboratory grade.

2.2. Preparation of the wood inspired nanocomposite films
The nanocomposite films were prepared by solvent casting of aqueous suspensions
containing CNF (50 wt.%, in respect to the total solids content), xylans (20 wt.%), and
lignosulfonates (30 wt.%). Initially, the adequate amount of xylan was dispersed in
distilled water and left to dissolve under magnetic stirring, at room temperature. After
complete dissolution, the adequate amounts of CNF and lignosulfonates were added to
the solution and left to stir until full homogenization. Then, glycerol (15 wt.%, in
respect to the total solids content), was added and the mixture was stirred for 3 h.
Finally, the mixtures were placed into polystyrene petri dishes (94 mm in diameter) and
the films were obtained by casting at 40 °C in a ventilated oven (Thermo Fisher
Scientific, Waltham, Massachusetts, USA) overnight. Finally, the films were removed
from the molds and stored in a desiccator before characterization. Films without
glycerol were prepared following the same procedure for comparison purposes. All
films were prepared in triplicate. Table 1 summarizes all nanocomposite films prepared

in this study.

Table 1 — Identification, compositions, and thicknesses of the prepared films
(different letters above the thickness values correspond to statistically significant

differences).

Xylan
(mg)

CNF Glycerol Thickness

Film (mg) (mg)  (um)

Lignosulfonate (mg)




Be-NaLs-Ogly 40 60 (NaLs) 100 - 51+9°

Be-NaLs-15gly 40 60 (NaLs) 100 30 54 +4°
Be-MgLs-0gly 40 60 (MgLys) 100 - 48 +3°
Be-MgLs-15gly 40 60 (MgLs) 100 30 52+6°

2.3. Characterization techniques
2.3.1. Characterization of the beechwood xylans

The molecular weight values of the xylan sample were determined by size-exclusion
chromatography (SEC) using a system equipped with an online degasser, a refractive
index detector, and a set of columns comprising a Shodex OHpak SB-G guard column,
OHpak SB-802.5HQ and OHpak SB-804HQ columns. The xylan sample in agqueous
solution was eluted at a flow rate of 0.5 mL min ™ with 0.1 M sodium acetate (aqg.) with
0.02 % NaN3). Before the injection (50 pL), the sample was filtered through a nylon
membrane with 0.20 mm pores. The system was calibrated with narrow polyethylene
glycol (PEG) standards and the molecular weights were determined by conventional
calibration using Clarity software version 2.8.2.648.

The xylan sample was also characterized by *H and **C nuclear magnetic resonance
(NMR), using a Bruker Avance 300 at 300.13 MHz and 75.47 MHz, respectively using
deuterated water as solvent and TMSP as internal reference.

2.3.2. Characterization of the lignosulfonates

The pH of the MgLs and NaLs was determined according to ISO 4316:1977
method. The obtained values of pH were 3.95 + 0.06 and 9.18 + 0.06 for MgLs and
NaLs, respectively. The MgLs were freeze-dried before use.

2.3.3. Characterization of the films

The attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectra of the

films and its individual components were recorded on a PerkinElmer FTIR

spectrophotometer (PerkinElmer, Waltham, Massachusetts, USA), equipped with a



single horizontal Golden Gate diamond ATR crystal cell, in the range of 4000 — 500 cm’
! by accumulating 32 scans at a resolution of 4 cm™ and intervals of 1 cm™.

The thickness of the films was measured with a hand-held digital micrometer
(MDC-25PX, Mitutoyo Corporation, Tokyo, Japan). The measurements were performed
in quintuplicate at randomly selected locations of the films, with an accuracy of 1 um.

X-ray diffraction (XRD) analysis of the films was performed on a Philips X pert
MPD diffractometer (PANalytical, Almelo, Netherlands) with CuKa radiation (A =
1.541 A) at a voltage of 45 kV and a current of 40 mA. The diffractograms were
recorded with a scan rate of 0.05° s™* in the range of 5 and 50° in the 26 scale.

Scanning electron microscopy (SEM) was used to analyze the surface and the cross-
section of the obtained nanocomposite films. The micrographs were recorded on a HR-
FESEM SU-70 Hitachi microscope (Hitachi High-Technologies Corporation, Tokyo,
Japan) at a voltage of 1.0 kV. The energy dispersive X-ray spectroscopy (EDS) was
done in the same equipment at a voltage of 15.0 kV equipped with a Bruker QT EDS
detector (Billerica, Massachusetts, USA), and the software Esprit 1.9. was used to
perform the elemental analysis of the surface of the samples. For the acquisition of the
cross-section micrographs, the films were submerged in liquid nitrogen and fractured to
properly expose their cross-section areas. Before analysis, all samples were coated with
carbon. The surface roughness (the root mean square (RMS)) was determined for an
area of 15 x 15 pm? using an atomic force microscope (AFM, Bruker Veeco Multimode
Nanoscope IIIA (Billerica, Massachusetts, USA)), and the software MountainsLab®
v.10.1 was used to accurately represent the typography of the films surface three-
dimensionally.

The color parameters of the films were determined using Konica Minolta CM-2300d

portable sphere type spectrophotometer (Konica Minolta Sensing Europe B.V.,



Warrington, UK) with horizontal alignment with 2 pulsed xenon lamps and the Spectra
Magic™ NX software, after prior calibration with a white calibration plate. The
equipment was placed directly on the top of the surface of the samples and the
measurements were performed with a d/8 (diffuse illumination, 8-degree viewing angle)
system. The color parameters were expressed in the CIELab scale: L*, lightness: black
= 0 and white = 100; a*, green = — a* and red = + a*; b*, blue = — b* and yellow = + b*
(Moreirinha et al., 2020). The brightness was expressed as the 1SO brightness standard
(ISO 2470-1). The measurements were performed in triplicate at five randomly selected
locations of the films.

Thermogravimetric analysis (TGA) of the films was performed with a Hitachi
NEXTA STA300 (Hitachi High-Technologies Corporation, Tokyo, Japan) equipped
with a platinum cell. All samples were heated from room temperature up to 800 °C, at a
constant rate of 10 °C min™*, under a nitrogen flow of 50 mL min™.

The ultraviolet-visible (UV-vis) spectra of the films were acquired with a Shimadzu
UV1800 UV-vis spectrophotometer (Shimadzu Corporation, Kyoto, Japan), using strips
of the films (5x1 cm?) in the vertical position. The measurements were recorded at room
temperature, in the range between 200 and 700 nm, with a step increase of 1 nm.

The tensile mechanical properties of the films were assessed using an Instron 5966
Series equipment (Instron Corporation, Norwood, Massachusetts, USA). The tests were
carried out at 24 °C and 43 % relative humidity, using a 500 N static load cell. Initially,
the test specimens of the films (5 x 1 cm?) were placed between two grips with a
distance of 3 cm and then stretched with a crosshead velocity of 10 mm-min™, until
breakage. The Young’s modulus, tensile strength, and elongation at break were
determined with the Instron BlueHill 3 software. At least seven samples of each film

were analyzed and used for the determination of the average values of each parameter.
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For the determination of the moisture uptake capacity, film samples were cut into
squares (1 x 1 cm?) and stored in a desiccator (20% of relative humidity (RH)) for 72 h,
to ensure the same initial moisture content. Afterwards, all samples were weighted and
then placed in a closed container and exposed to a 98% RH atmosphere (by exposure of
the atmosphere to a saturated aqueous solution of potassium sulfate (K,SO,)) at room
temperature (O’Brien, 1948). The samples were weighted at different time points during
several days, and at least seven samples of each film were analyzed. The moisture

uptake values of the films were calculated following (1:

Moisture uptake (%) = Wt#:l’" X
1)

100
where W, and W, are the weights of films after t time exposed to the 98% RH
atmosphere and the initial weight of the films, respectively (Achachlouei & Zahedi,
2018).

The WVTR and the WVP were determined gravimetrically following the ASTM
standard test procedure (ASTM International, 2022) for the water method. Briefly,
containers (with a diameter of 3.3 cm) were filled with distilled water (100% RH) up to
2 cm of the top, and were sealed with the prepared films (permeation area of 8.55 cm?).
Then, the film-covered containers were placed in a desiccator with desiccant that had
been previously dried at 104 °C for 24 h, to create an atmosphere of 0% RH, at 20 °C.
The containers were weighed every hour for 8 h, and five samples of each prepared film
were analyzed. All samples were conditioned 24 h prior the test at 23 °C and 50% RH.
For comparison purposes, commercial LDPE films were also tested. The WVTR and
WVP were calculated using Eq. (2) and Eq. (3), respectively.

1

Im?y= & _ 6=t
WVTR (g h m)—txA— 7 )
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WVTR _ (

1 -1l pacly
WVP (gm™h~Pa~) = o

3)

WVTR
SX(R1—Rz)

X d

where G is the steady state weight change (g), t is the time (h), G = t is the slope
obtained by linear regression of humidity weight gain, during a transmission time
interval (g h™), A is the permeation area (m?), Ap is the vapor pressure difference (Pa), S
is the saturation vapor pressure at test temperature (Pa), R, is the relative humidity
inside the containers (expressed as a fraction), R, is the relative humidity inside the
desiccator (expressed as a fraction) and d is the thickness of the films (m).

The OP of the films was determined in accordance with the 1SO 15105-2:2003, at
23 °C and 50% RH, using a Labthink Perme® 0X2/230 equipment (Labthink
International, Inc, Medford, Massachusetts, USA), with 5% variability. All samples
were conditioned 24 h prior the test at 23 °C and 50% RH. The permeation area was of

5.31 cm? and the oxygen concentration in the test gas was 99.96% and the carrier gas

was 99.99% nitrogen.

2.4. Antioxidant activity

The antioxidant activity of the films was assessed by the DPPH radical scavenging
method following a procedure previously reported (Silva et al., 2018) with light
modifications. The films were cut into squares (1 x 1 cm?) and added to 4 mL of a
methanol/water solution (50:50). Afterwards, 250 pL of a DPPH methanolic solution
(0.2 mM) was added to the mixtures, and they were kept in the dark at room
temperature for 3 h. Later, the mixtures were centrifuged at 6000 rpm for 30 min at
room temperature, and the absorbance of the supernatant was measured at 517 nm on a

Shimadzu UV1800 UV-Vis spectrophotometer (Shimadzu Corporation, Kyoto, Japan).
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The DPPH scavenging activity was calculated using Eq. 4 and all film samples were
analyzed in triplicate.

Acontrol_Asample

DPPH scavenging activity (%) = X <

Acontrol
100 4)
where Asgmpie 1S the recorded absorbance of the samples and Agopntro; is the recorded

absorbance of the methanol/water solution with 250 uL of the DPPH solution.

2.5. Evaluation of the films’ performance on the preservation of a food matrix

Pears (Pyrus communis L. cv. Rocha), grown in Portugal, were purchased at a local
market in Aveiro (Portugal). Fruits with a diameter between 55 and 60 mm, were
chosen according to color uniformity and absence of physical defects. The selected
fruits were washed with distilled water, peeled, and cut into halves using a stainless-
steel knife. Afterwards, each fruit half was cut into roughly cubed shaped pieces (2.0 x
2.0 x 2.0 cm®), that were immediately immersed in a NaCIO solution at 100 ppm for 10
min for disinfection, followed by immersion in distilled water for 10 min to remove the
residues of NaClO. Then, the samples were dried with absorbent paper and placed in
aluminum trays coated on the bottom and covered on the top with the prepared films, in
sets of 3 pear cubes per tray. After sealing, each container was stored at 4.0 + 1.0 °C for
7 days. For comparison purposes, samples with no film, and with commercial LDPE
films were prepared. To assess the performance of the produced films as active
packaging systems, the pear samples were analyzed on the 3™ and 7" day of storage
regarding their visual appearance, browning index (BI), weight loss and pH.

The visual appearance of the fruit samples was recorded using the Konica Minolta
CM-2300d portable sphere type spectrophotometer (Konica Minolta Sensing Europe

B.V., Warrington, UK) with horizontal alignment with 2 pulsed xenon lamps. The
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equipment was placed directly on the top of the surface of the samples and the
measurements were performed with a d/8 (diffuse illumination, 8-degree viewing angle)
system and the Spectra Magic™ NX software was used to determine the color
parameters. The color measurements were obtained at five random sites of the fruit
cubes surfaces and performed in triplicate for each aluminum tray. The obtained
parameters were also expressed in the CIELab scale and were used to calculate the fruit
Bl, according to Eq. (5) (Palou et al., 1999).

Browning index (BI) = |

[100(X-0.31)]
0.172

5)

(a*+1.75L")

where X = )
(5.64L*+a*—3.012b*)

The weight loss of the fruits was determined from the difference between the initial
weight of each fruit cube (W;) and its respective weight at day n of the storage (I4},),

using Eq. (6) (Longwei et al., 2021). These measurements were performed in triplicate.

Weight loss (%) = ~-2*

100 6)

The pH of the fruit samples was assessed according to the AOAC 981.12 method.
Briefly, 10 g of fruit were grinded with a hand blender with 100 mL of distilled water,
before measuring the pH of the solution using a digital benchtop pH meter (pH 50
VioLab benchtop pHmeter, XS Instruments, Carpi, Italy). Five measurements were

carried out for each sample (Rodriguez et al., 2020).

2.6. Statistical analysis
The statistical analysis was performed with GraphPad Prism 9 (GraphPad Software

Inc., San Diego, California, USA). All data was treated with at least three replicates, and

14



the results are presented as mean * standard deviations. The obtained results were
statistically analyzed with a confidence level of 95%, with the ANOVA test to compare
the significant differences between them. A value of p < 0.05 was considered
statistically significant and Tukey’s multiple comparison test was used for a pairwise

comparison of the means.

3. Results and discussion

Wood inspired biobased nanocomposite films were prepared by solvent casting of
aqueous suspensions containing wood xylans, CNF, and lignosulfonates in a mass
proportion of 20:50:30. Fig. 1 presents a schematic illustration of the preparation

procedure of the wood inspired nanocomposite films.
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Fig. 1 - Schematic illustration of the preparation procedure and digital photographs
of the wood inspired nanocomposite films. The films are placed on top of a drawing of a

pear to evidence their translucency.

Based on the role of cellulose, lignin and hemicelluloses in wood, it is expected that
xylans and lignosulfonates act as polymeric matrices of the nanocomposite.
Additionally, lignosulfonates were added as functional additives to impart the films

with antioxidant and UV-barrier properties, and to contribute to the overall cohesivity of
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the films (NGfez-Flores et al., 2012). CNF was incorporated as the reinforcing
component, i.e. to enhance the tensile strength and toughness of the biobased films, as
cellulose fibers do in the wood cell walls. Finally, glycerol was added as plasticizer, to
improve the handling, toughness, and flexibility of the films.

All the obtained nanocomposite films were then characterized in terms of their
structure, morphology, optical properties, mechanical performance, thermal stability,
antioxidant activity and moisture uptake capacity to evaluate their potential for
application as active food packaging materials. To corroborate the obtained results, a
preliminary study on the ability of the films to preserve fresh-cut fruit was also
performed.

All the prepared films were very homogeneous, translucent and their colors varied
from an ochre yellow to a pale yellow, as shown in Fig. 1. The color of these biobased
films is essentially associated with the intrinsic color of the lignosulfonates, with the
NaLs originating darker films than the MgLs counterparts. Membranes containing NaLs
in combination with bacterial nanocellulose have been reported to have similar colors
(Vilela et al., 2020). The thickness of the produced films ranged from 48 + 3to 54 + 4
um (Table 1), with no significant differences between them, which is in line with their
similar compositions (relative proportions of the different components) and high

homogeneity.

3.1. Structural and morphological characterization

The chemical structure of the produced films, and of their individual components for
comparison purposes, was studied by ATR-FTIR spectroscopy (Fig. 2 (A)). The
spectrum of the xylan used in this study presents the typical vibrations of

polysaccharides (Morais et al., 2018; Sun et al., 1998), with the main vibrations at 890
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cm™ (C-O stretching of the glycosidic bond, between the xylopiranose units of the main
xylan chain structure), 1034 cm™ (C-O—C stretching of the pyranoid-rings), 1143 cm™
(C—OH elongation), 1450 cm™ (C—H bending), 1605 cm™ (C-C stretching) and 3354
cm™ (O-H stretching vibrations) (Sousa et al., 2016).

The spectra of both lignosulfonates (NaLs and MgLs) used in this study are in
accordance with data reported in the literature, with the main vibrations at 620 cm™ (C—
S stretching), 1040 cm™ (C—H and C-O-C stretching), 1170 cm™ (S=0O stretching),
1417 cm™ (C-O stretching and C—H bending), 1604 cm™ (C-C stretching) and 3334
cm™ (O-H stretching) (Q. Shen et al., 2008; Vilela et al., 2020). The ATR-FTIR
spectrum of CNF presented a typical profile of a cellulosic substrate with absorption
peaks at 1031 cm™ (C-O-C stretching of the cellulose backbone polymer), 1161 cm™
(C-O—C asymmetric stretching), 1335 cm™ (O—H bending), 2900 cm™ (C—H stretching)
and 3300 cm™ (O-H stretching) (Foster et al., 2018). The spectrum of glycerol shows
the typical absorption peaks at 890 cm™ (C—O stretching), 1040 cm™ (C—O—H stretching
of the bonds of C1 and C3 carbons), 1143 cm™ (C—O-H stretching of the bond of C2
carbon), 2920 cm™ (C—H stretching) and 3300 cm™ (O-H stretching) (Basiak et al.,
2018). The ATR-FTIR spectra of all nanocomposite films are very similar, as expected
considering their comparable compositions. The films display the main vibrations peaks
of the different components, as described above, and no deviations are observed.

The chemical structure of the xylan was also characterized by NMR, and the
obtained *H NMR spectrum presented the typical xylan proton resonances, namely at
4.38, 4.00, 3.68, 3.45 and 3.19 ppm. The peak at 3.24 ppm corresponds to the 4-OCHj3
of 4-O-Methylglucuronic acid moieties (Li et al., 2016; Morais et al., 2018; Pastell et
al., 2009). In the **C NMR spectrum, five main resonances were observed at & 102.2,

73.2, 74.4, 77.0 and 63.5 ppm, assigned to the carbons of the p-D-xylopyranose units.
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The peak at 59.9 ppm relates to the 4-OCH; resonance, being in accordance with the *H
spectrum previously described (Li et al., 2016; F. Peng et al., 2009; P. Peng et al.,
2011).

The obtained films were also characterized by XRD analysis (Fig. 2 (B)). All films
presented the XRD pattern of cellulose I, with the well-known peaks at 20 = 14.5°, 16.8°
and 22.9°, which correspond to the (101), (101) and (002) diffraction planes,
respectively (Foster et al., 2018; Gong et al., 2017). The addition of glycerol to the
nanocomposite films increased their amorphous character as reported in the literature
(Gongalves et al., 2019).

The morphology of the films was assessed by SEM, and their surface and cross-
section micrographs are displayed in Fig. 3 (A) and (B). All films present homogeneous
and uniform surfaces, with cross-sections evidencing a good distribution of the different
components without the formation of agglomerates of cellulose nanofibers. This trend
proves the good compatibility of all components in the preparation of biofilms. In fact,
these results were expectable given the film-forming capacity of most of these
biopolymers and their intrinsic compatibility, as in wood and plants. These observations
are also in agreement with the visual aspect of the films discussed above (Fig. 1). The
surface micrographs of both films show some aggregates, more evident in those with
NaLs. The EDS analysis performed on different places at the surface of films (with and
without aggregates) are displayed in Fig. 3 (C) and (D), showing that these aggregates
are indeed mainly composed of lignosulfonates because of the higher intensity of
sodium or magnesium peaks in these regions. The differences between the films with
the two lignosulfonates are certainly related with the wood species used as raw material

(softwood vs. hardwood) and the manufacturing process (neutral sulfite semi-chemical
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pulping vs. sulfite process) used to produce the lignosulfonates, that may impart them

with different characteristics (Aro & Fatehi, 2017; Leon-Tinoco et al., 2022).

The roughness of the surface of all prepared films was also evaluated by AFM and

the 3D model typography of the films surfaces are presented in Fig. 4. The results show

a clear tendency of the films roughness decreasing with the addition of glycerol (Be-

NaLs-Ogly: 116.6 + 6.9 nm; Be-NaLs-15gly: 74.9 + 8.6 nm) (Be-MgLs-0gly:115.8 +

16.5 nm; Be-MgLs-15gly: 72.9 = 7.4 nm). Furthermore, there are no significant

differences in the films roughness regarding the different type of lignosulfonate,

showing that the distinct aggregates observed on the micrographs of the film surfaces do

not result in different roughness values.
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XRD patterns of the prepared films.
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Fig. 3 - (A,B) SEM micrographs of surface (A) and cross-section (B) of the films and
EDS spectra of the films surfaces in the regions with aggregates (C) and in the regions

without aggregates (D).
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Fig. 4 — 3D representation of the typography of the produced films obtained from

AFM analysis.

3.2. Thermal stability, mechanical properties and moisture uptake capacity

The thermal stability and degradation profiles of the nanocomposite films, and their
individual components, were assessed by thermogravimetric analysis under nitrogen
atmosphere. The obtained thermograms are displayed in Fig. 5 (A).

The thermal degradation profile of xylan exhibits a double-step weight loss, in the
temperature range of 150 — 600 °C, with a weight loss occurring at 243 °C, associated
with the cleavage of side-chain structures, such as 4-O-methylglucuronic acid moieties.

The additional weight loss occurs at 292 °C, which is ascribed to the degradation of the
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main hemicellulose polymer chain (Fu et al., 2019; Shafizadeh et al., 1972; D. K. Shen
etal., 2010).

The thermogram of CNF exhibits a single-step degradation profile, with a maximum
degradation temperature of 336 °C, assigned to the cleavage of the -(1-4) glycosidic
bonds of the cellulosic polymer chain (Yang et al., 2007).

Both lignosulfonates underwent double-step degradation processes. While the MgLs
display maximum decomposition temperatures of 300 and 608 °C, the NaLs present
maximum decomposition temperatures of 250 and 687 °C. The first step of the
lignosulfonates decomposition accounts for the release of water, and low molecular
weight organic molecules resulting from the degradation of the organic part of the
lignosulfonates. The second decomposition step corresponds to the loss of CO;
produced on the decomposition of magnesium carbonate (MgCOs) and sodium
carbonate (Na,COs), formed during the previous thermal degradation of MgLs and
NaLs (Jakab et al., 1991; Lemes et al., 2010).

The lack of clear and sharp peaks during the thermal degradation of the
lignosulfonates is due to the structural complexity and the heterogeneity of their lignin
derived structure, from which their thermal decomposition occurs by several competing
reactions in the course of which its various bonds are cleaved at different temperatures
depending on the bond energies (Lemes et al., 2010; Myrvold, 2008). At the end of the
analysis (800 °C), NaLs and MgLs left a residue of ca. 41.6 and 34.8%, of the initial
mass, respectively.

Regarding the nanocomposite films, they all presented three distinct mass loss
stages. The first stage is in the temperature range of 30 — 153 °C, and is related to the
volatilization of the adsorbed water molecules from the films. The second one is in the

temperature range of 150 — 500 °C. In this stage, the MgLs films present degradation
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peaks at 257 and 343 °C (Be-MgLs-0gly) and at 299 and 346 °C (Be-MgLs-15gly),
which are attributed to the degradation of CNF and xylans present in the film. The
degradation of the MgLs fraction also occurred in this temperature stage. These peaks
present a small increase in the temperatures of maximum degradation, when compared
to their individual components, revealing that the good compatibility of all films
components improved the thermal stability of the nanocomposites. These results concur
with other works already reported in the literature, where the incorporation of CNF into
xylans based films enhanced their thermal stability (Moreirinha et al., 2020). Similarly,
in this temperature range, the NaLs films present degradation peaks at 235 and 297 °C
(Be-NaLs-Ogly) and at 207 and 304 °C (Be-NaLs-15gly). The lower maximum
degradation temperatures of these films, when compared to the ones containing the
MgLs, are attributed to the thermal stability profile of the NaLs, that showed lower
maximum thermal degradation temperatures in this range (250 °C) than the MgLs (300
°C), as mentioned before. As expected, the films plasticized with glycerol degrade at
lower temperatures (Be-MgLs-15gly: 163 °C; Be-NalLs-15gly: 152 °C) when compared
to films without glycerol (Be-MgLs-0Ogly: 208 °C; Be-NaLs-Ogly: 198 °C) due the
decomposition of glycerol that occurs between 125 — 240 °C (Lépez et al., 2015; Mena-
Cervantes et al., 2020). The third mass loss stage of the films occurs in the temperature
range of 502 — 800 °C. In this stage, both MgLs films present a very small, near
imperceptible degradation peak at 609 (Be-MgLs-0gly) and 613 °C (Be-MgLs-15gly)
attributed to the decomposition of MgCOs. The NaLs films present a more noticeable
degradation peak at 713 (Be-NaLs-0gly) and 716 °C (Be-NaLs-15gly) that correspond

to the decomposition of Na,CO3 (Lemes et al., 2010).
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At the end of the analysis, the final residue left of the films were 30.8% (Be-MgLs-
Ogly), 22.2% (Be-MgLs-15gly), 38.5% (Be-NaLs-0gly) and 27.6% (Be-NaLs-15gly) of
the initial masses.

In conclusion, all films exhibit thermal stability up to 153 °C, which is a key feature
considering their applicability as food packaging materials. This high temperature
allows them to withstand typical sterilization procedures required for food-based
applications that normally take place around 121 — 135 °C (Ansari & Datta, 2003).

The mechanical properties of the films were determined by tensile experiments, and
the most relevant parameters, namely the Young’s modulus, the elongation at break and
the tensile strength, obtained from the stress-strain curves are presented in Fig. 5.

Regarding the two lignosulfonates, the obtained results show that there are no
significant differences between the tensile strength of the different films. Similarly, for
the non-plasticized films, the Young’s modulus presents similar values, regardless of
the type of lignosulfonate. However, the plasticized films with MgLs display a Young’s
modulus value lower than the films with NaLs, resulting in higher values of elongation
at break. When comparing the films with different content of plasticizer, it is clear that
the addition of glycerol turns the films less stiff, as demonstrated by the decrease of the
Young’s modulus and concomitant increase of the elongations at break. Similar trends
have been observed for other polysaccharides-based films, such as alginate, where the
increase of glycerol from 10 to 30% led to a decrease in the Young’s modulus of the
films from 934 to 15 MPa and to an increase in the elongation at break from 12 to 21%
(Gao et al., 2017), or xylan based films, where the increase of glycerol from 0 to 25 %
led to an decrease in the Young’s modulus of the films from 3173.4 to 917.2 MPa and
to an increase in the elongation at break from 1.9 to 2.6% (Sousa et al., 2016). This

behavior is due the incorporation of the plasticizer molecules into the polymer matrix.
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Due the abundance of hydroxy groups, the plasticizer can establish intermolecular
hydrogen bonds with other components of the material, namely the lignosulfonates,
cellulose nanofibers and xylan, weakening the attractive forces between more adjacent
macromolecules, therefore, increasing the spacing between the polymer chains in the
material, reducing intermolecular interactions, which allows for greater mobility and
flexibility of the material (Eslami et al., 2023).

When compared with commonly available plastic films used for food packaging, the
prepared biobased ones, present mechanical properties similar to poly(ethylene-vinyl
acetate) (EVA) (tensile strength of 6 — 19 MPa) and LDPE (tensile strength of 7 — 25
MPa) films of similar thicknesses (x 50 pum), and higher elongations at break than
polystyrene films (2 — 3%) (Bastarrachea et al., 2011; Schnell et al., 2017). These values
are also similar to the tensile strength of thinner LDPE films (25 £ 5 pm; tensile
strength of 5 — 25 MPa), as stated by the manufacturer (Goodfellow, 2023). Therefore,
the developed wood inspired films should endure the mechanical stress associated with
handling, storage, and transportation of food packaging systems.

The hydrophilic nature of xylans, CNF and lignosulfonates makes the
nanocomposites films moisture sensitive, and therefore, it is important to evaluate their
interaction with water. The water sorption isotherms of the produced films are presented
in Fig. 5 (C). The results show that all films have very similar moisture uptake profiles,
however, the films without glycerol display significantly lower moisture uptake values
(Be-NaLs-Ogly: 171.5 + 8.0%; Be-MgLs-0gly: 174.2 + 6.5%), when compared to those
with glycerol (Be-NaLs-15gly: 265.4 £ 6.0%; Be-MgLs-15gly: 261.9 + 2.8%). This
increase in the moisture uptake capacity of the plasticized films is a well-known trend

(Basiak et al., 2018; Lopez et al., 2015), and it was expected, due the hydrophilic and

26



hygroscopic nature of glycerol, allied with the increased space between the polymer

chains of the material that the incorporation of plasticizer promotes.

6
NaLs =MgLs
100 =51
)
80- s ] g
L
<60+ € 24 I
.-5 'g' 1 4
(] — Xyl
g 40 4 —(:NaFrI § 0 . .
— ::;L_ss — 0 % glycerol 15 % glycerol
20 4 —— Be-NaLs-0gly o 8
Be-Nals-15gly
—— Be-MgLs-Ogly = 77 NalLs = Mgls
ol Be-MgLs-15gly & 6
0 200 400 600 800 55|
0 Temperature (°C) = 4 I
. —— Xylan & 31
—— CNF S 2 - .
0.8+ ——NalLs 5
— —— MgLs o' -
E —— Be-NalLs-0gly 0 T
= 0.6+ — Be-NaLs-15gly 0 % glycerol 15 % glycerol
5_ —— Be-MgLs-0gly 20
< 04 ——— Be-MgLs-15gly 18 NaLs =Mgls
CD B - L 4 » “_ﬁ_‘
= & 16 -
° 2 14 | L
0.2 £ 12 1
2 10
; 4 e 5 g
0.0- # ek - A — : 6 i
0 200 400 600 800 Z 4.
=
Temperature (°C) 2 o
0 T
0 % glycerol 15 % glycerol
300
250 | - ..
s ;.-a..-.;u s
g200 L 2
P —
p 150 j‘; @ : Y
2 Ad
2100 | A8 ® Be-Nals-Ogly
!g ®Be-NalLs-15gly
50 ke ® Be-MgLs-0gly
; = Be-MgLs-15gly
0 1 M M " 1 L L M " "
0 20 40 80
Time (h)

Fig. 5 — (A) TGA tracings (on the top) and corresponding derivatives (on the bottom),

(B) Young’s modulus, elongation at break, and tensile strength and (C) moisture uptake

capacity of the produced films.
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3.3. Water vapor and oxygen barrier properties

The water and oxygen barrier properties have a major impact on maintaining or
extending the shelf-life of packaged foods, since the efficacy of packaging is
normally related to its barrier capacity. Thus, water vapor transmission rate and
water vapor permeability of the prepared films and of the LDPE films were studied.
The results are presented in Table 2. The commercial LDPE films presented the
lowest WVTR and WVP values (4.40 + 0.24 x 10* g s m? and 6.84 + 0.37 x 10"
g m™ st Pa?, respectively), as expected. These values are in accordance with the
WVTR (1.74 — 36.9 x 10* g s m?) and WVP (6.67 — 8.70 x 10 g m™* s Pa™)
data described in the literature for LDPE films with similar thicknesses
(Bastarrachea et al., 2011; Battisti et al., 2017; Kibar & Us, 2017) and with the data
provided by the manufacturer (WVP = 7.00 x 10" g m™ s Pa™ and WVTR = 2.84
x 10 g s m? (Goodfellow, 2023)). The prepared biobased films presented higher
water vapor transmission values than those attained for LDPE films. These results
are also in agreement with previous reports found in the literature (Tedeschi et al.,
2020), where films composed of microcrystalline cellulose, hydrolyzed alkali lignin
and xylans present higher WVTR and WVP values (ranging between 8.51 — 11.0 x
102 g s* m?, to the WVTR and between 1.25 — 1.97 x 10° g m™ s Pa™ to the
WVP). Moreover, the obtained results show that there are no significant differences
between the values of the films with the two different lignosulfonates, suggesting
that their different nature do not affect the water vapor barrier properties of the
films. However, when comparing the films with and without glycerol, it is possible
to observe that the films containing plasticizer present the highest WVTR and WVP
values. This was expected since the incorporation of glycerol increases the space

between the polymer chains of the material, allowing a higher volume for water
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vapor to pass through per area of film per time. This tendency is well documented in
the literature (Andrade-Pizarro et al., 2015; Cerqueira et al., 2012; Eslami et al.,
2023).

The oxygen permeability rate is considered one of the most relevant properties
in the development of a packaging material. Oxygen is responsible for causing
oxidation of certain components in food, such as fats, oils or vitamins (Yildirim et
al., 2018). Therefore, to ensure the maximum shelf-life and safety of packaged
foods, it is essential that a packaging material has a low oxygen permeability rate.
Thus, in this work a preliminary evaluation of the oxygen permeability coefficient
and oxygen transmission rate of the prepared films was carried out. The results show
that the films prepared with MgLs present OTR and OP values of one order of
magnitude inferior to their NaLs counterparts (OTR = Be-NaLs-15gly: 2940 cm® m™
2 day™ and Be-MgLs-15gly: 158 cm® m™ day™; OP = Be-NaLs-15gly: 153 cm® mm
m? day™ atm™ and Be-MgLs-15gly: 5 cm® mm m? day™ atm™). All values are lower
than those reported in the literature for LDPE films of similar thicknesses (6314 cm®
m? day’) (Bhatia et al., 2013) and lower than the values reported by the
manufacturer, for the used LDPE film (OTR: 7004 cm® m? day™; OP: 175 cm® mm
m? day™ atm™ (Goodfellow, 2023)), indicating that the prepared films are a viable
and functional solution for packaging of oxygen sensitive foods.

Table 2 — WVTR, WVP and OP of the prepared films and LDPE films, for
comparison purposes (different letters above the values correspond to statistically

significant differences). n.d. — non determined value.

WVP (x
Film WVTR (x 10* g s* 10 OTR, . P, dav’l
m-z) g mt sl pg (cm rln (cm® mm T ay
1) day™) atm™)
LDPE 440+0.24% 6.84 +0.37 n.d. n.d.
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a

Be-NaLs- 16.76 + 0.34 " 58.19 +

b n.d. n.d.
Ogly 1.18
Be-NaLs- 20.64 +0.74 ¢ 81.50 +
2940 153
15gly 2.91°
Be-MgLs- 16.54+0.46°  58.14 +1.62
b n.d. n.d.
Ogly
Be-MgLs- 20.48 +0.41° 79.71 +
158 5
15gly 1.58 ¢

3.4. Optical properties

The optical properties of the films were first assessed by measuring the CIELab
parameters (L*, lightness: black = 0 and white = 100; a*, green = — a* and red = + a*;
b*, blue = — b* and yellow = + b*) and the 1SO brightness standard (1SO 2470-1).

As displayed in Fig. 6 (B), the films containing NaLs show a significantly lower
lightness (L*) (Be-NaLs-Ogly: 35.98 + 2.43; Be-NalLs-15gly: 34.50 + 2.65) when
compared with the ones containing MgLs (Be-MgLs-0gly: 78.26 + 1.66; Be-MgLs-
15¢gly: 78.89 £ 1.16). The same tendency is observed for the ISO brightness parameter
(Be-NaLs-0gly: 4.96 + 0.66; Be-NaLs-15gly: 4.69 + 1.13; Be-MgLs-0gly: 39.63 £+ 2.19;
Be-MgLs-15gly: 41.56 + 1.37). These values are in accordance with the visual aspect of
the films (Fig. 1), since the ones containing NaLs are considerably darker. Even though
the yellowness of the films does not vary to a great extent with values of b* similar for
all obtained film, the redness of the films is slightly different, with films with NaLs
showing higher a* wvalues. Similarly to the L*, the color parameters a*
(greenness/redness) and b* (blueness/yellowness) also corroborate the films visual
appearance (Fig. 6 (A)). These differences confirm that the color of the films is related
mainly with the intrinsic color of the lignosulfonates.

The optical barrier properties of the produced films were studied by UV-Vis

spectroscopy in the wavelength range of 200 and 700 nm. The obtained spectra are
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presented in Fig. 6 (C) and reveal transmittance values between 0 and 19.1 % in the
ultraviolet range (200 — 400 nm) and 0.7 — 41.0 % in the visible range (400 — 700 nm).
Overall, all films exhibit UV-absorbing properties in the upper range of UVC (200 —
280 nm, short-wavelength radiation), UVB (280 — 320 nm, short-wavelength radiation)
and UVA (320 — 400 nm, long-wavelength radiation) regions. This behavior is in
agreement with previous reported results for other films containing alkali lignin and
cellulose nanocrystals, where all UV radiation from 200 - 320 nm was absorbed
(Halloub et al., 2022). In agreement with the color parameters, the films containing
NaLs, which present lower lightness values, also display significantly lower
transmittance values in the UVA (ranging from 0 — 0.9 %) and visible regions (ranging
from 0.7 — 40.2%), when compared to their MgLs counterparts (0.1 — 19.1% and 18.7 —
41.0%, respectively). Overall, all films present good UV blocking properties, blocking
nearly all the UV radiation. Therefore, these films can be applied as active packaging
systems, helping in preventing the degradation of light-sensitive foods, and thus
expanding the shelf-life of these packed products (Vilela et al., 2018; Yildirim et al.,

2018).
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of the nanocomposite films (C).

3.5. Antioxidant activity
Antioxidants are known for reducing oxidative degradation, and their integration
into biobased nanocomposite films plays an important role on imparting them with

active functions that will help extending the foods shelf life and maintaining their
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quality and freshness (Silva et al., 2018; Vilela et al., 2018). The antioxidant activity of
the produced films was assessed by the DPPH radical scavenging assay, and the results
are presented in Fig. 7.

The incorporation of lignosulfonates into the films conveyed a very high radical
scavenging activity (Fig. 7), with DPHH values of 71.5 — 71.8 % for the NaLs films,
and 80.3 — 824 % for the MgLs ones. The good antioxidant properties of the
lignosulfonates, is related to their complex structure with abundant phenolic moieties
capable of acting as free-radical scavengers (Alexandri et al., 2016; Nufiez-Flores et al.,
2012). The films studied here display higher antioxidant capacities than other materials
with similar contents of cellulose and alkali lignin (20 wt.% lignin, scavenging activity
= 42.6% (L. Liu et al., 2021). It was also observed that the addition of glycerol did not

significantly impact the antioxidant capacity of the films.
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Fig. 7 - Antioxidant activity (DPPH scavenging) of the produced films.

3.6. Assessment of the performance of the films on the preservation of a food

matrix
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Considering the results obtained in the characterization of the films, and the fact that
the goal of this work was to prepare functional wood inspired films for active
packaging, it was decided that the films performance on the preservation of a food
matrix model should be assessed. For comparison purposes, commercial LDPE films
were also used. In this sense, minimally processed and freshly cut pears were packaged,
as shown in Fig. 8 (A), and stored at 4.0 + 1.0 °C for 7 days, in the refrigerator, and
evaluated in the 3" and 7™ day of storage regarding their visual appearance, BI, weight
loss and pH, parameters that are related to fruit quality and consumers acceptance
(Rodriguez et al., 2020). As can be observed in Fig. 8 (B), the visual appearance of the
fruits confirmed that the prepared films were able to preserve the packaged fruit
samples better than the LPDE commercial film or the fruit stored without any film. This
is due to presence of the lignosulfonates in the nanocomposite films that as a result of
their antioxidant properties inhibited the polyphenol oxidase activity (Sayavedra-Soto &
Montgomery, 1986). The enzymatic browning happens predominantly due to the
oxidation of phenolic compounds present in the fruit via polyphenol oxidase, that
promotes the formation of o-quinone, which polymerizes producing melanin, a brown
pigment (Borges et al., 2016; Sayavedra-Soto & Montgomery, 1986; Shrestha et al.,
2020). Similar effects have been observed when fresh cut apples and potatoes were
packaged with films with shallot and onion waste extracts, which are also rich sources
of polyphenols and antioxidants (Thivya et al., 2021). The visual appearance of the
packaged fruits is in accordance with the values of Bl of the packaged pears, as depicted
in Fig. 9 (A). Freshly cut pears present a Bl index of 16.79 + 0.97 that increased after 7
days at 4.0 = 1.0 °C for all packed samples. However, it is clear that the films with
lignosulfonates delayed the browning of the stored fruits (Be-NaLs-0gly: 24.37 + 0.80;

Be-NalLs-15gly: 22.09 + 0.96; Be-MgLs-0Ogly: 20.31 + 0.68; Be-MgLs-15gly: 19.20 £
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0.62) when compared fruits stored with no film (99.79 + 0.92) or with LDPE
commercial film (37.46 £ 0.87).

Regarding the weight loss of the fruit over the storage time, the results presented in
Fig. 9 (B) show a clear trend of increasing weight loss over time. After the 7 days of
storage, the freshly cut pears packaged without a film presented the highest weight loss
value (36.27 = 0.58 %), while the fruits packaged with commercial LDPE film
presented the lowest one (5.32 + 0.65 %). The fruits packaged with the prepared
nanocomposite films present weight loss values of 10.75 + 0.23 % and 19.86 + 0.89 %,
for the Be-NaLs-0Ogly and Be-NaLs-15gly films, respectively, and 8.71 + 0.86 % and
17.30 £ 0.90 % for the Be-MgLs-0gly and Be-MgLs-15gly, respectively. Similar results
were reported for avocados packaged with chitosan and carboxymethyl cellulose (CMC)
films containing moringa extracts (Tesfay, 2016) or cherry tomatoes and grapes
packaged with chitosan, gelatin and methylcellulose films with tannic acid (Halim et al.,
2018).

Changes in the pH values of the fruit are indicative of physiological changes.
Therefore, the evaluation of this parameter after storage is of high importance to assess
the fruit quality and the consumers acceptance. In Fig. 9 (C), the results of the evolution
of pH of the pears over storage time are presented. Initially, the pears present a pH value
of 5.34 £ 0.02, but after 7 days of storage, a significant decrease in pH is observed, for
the fruits package without a film (5.00 + 0.03). After 7 days, a similar significant
decrease was observed on the storage of the fruits with the commercial LDPE film,
where the fruits present a pH value of 5.04 + 0.02. On the other hand, the fruits
packaged with the films containing lignosulfonates present a significant lower decrease
of values of pH (Be-NaLs-Ogly: 5.17 = 0.02; Be-NaLs-15gly: 5.25 + 0.01; Be-MgLs-

Ogly: 5.22 + 0.01; Be-MgLs-15gly: 5.28 + 0.02)) when comparing to the initial values of
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pH of the fruit (5.34 = 0.02), suggesting a better performance of the nanocomposite
films in delaying the decrease of the packaged fruits pH.

Overall, the prepared films show a superior performance in delaying the browning
of the fruit and delaying the decrease of their pH, which are critical properties to

maintain the quality of fruits.

A
Control  Commercial o\ < 6oly Be-Nals-15gly Be-MgLs-Ogly Be-Mgls-15g]
(no film) LDPE film ely ely gLs-tely gLs-1ogly
o g Q . g Q
B

Control Commercial

(no film) LDPE film Be-NaLs-0gly Be-NaLs-15gly Be-MglLs-0gly Be-MgLs-15gly

Fig. 8 - (A) Digital photos of the packaged fruits with the prepared nanocomposite

films and (B) Visual appearance of the freshly cut pears before and after 3 and 7 days of

storage at 4 °C, in the refrigerator.

36



107 | contro (No film)
1004 . Commercial LDPE film "
90- -~ Be-NaLs-Ogly P
sod Be-NaLs-15gly P
< —»— Be-MgLs-Ogly -
3 701 —+— Be-MgLs-1 5gly
€ 60 -
2 50
S 40-
S) _—
= 304 /
20 "i:__.#'_—j— m— s %
101
0 T T T T T T T 1
0 1 2 3 4 5 6 7 8
Time (Days)
B C
40+ —=— Control (No film) 5.75-
—— Commercial LDPE film . —=— Control (No film)
354 —+— Be-NaLs-Ogly _— ] »— Commercial LDPE film
+— Be-NaLs-15g! 4— Be-NaLs-Ogly
304 — B:—h.-'lz]Lss-tlg?)-’!'r 5504 —-—. Be-MNaLs-15gly
— —+— Be-MgLs-15gly _— +— Be-MgLs-0gly
= 254 + | +— Be-MgLs-15gly
% 20, 4+ o 525 —— 3§
- —* [« 8 B - i
§ 15 - e
= 10+ 3 5.004 e
5- / _ :
0 - . T T T T 475 T T T T T T T 1
0 4 5 6 7 0 1 2 3 4 5 6 7 8
Time (Days) Time (Days)

Fig. 9 - (A) BI of the fruits at the 3 and 7" day of storage, (B) Weight loss
percentage of the fruits at the 3™ and 7™ day of storage and (C) pH evolution of the

freshly cut pears before and after 3 and 7 days of storage at 4 °C, in the refrigerator.

4. Conclusions

Wood inspired biopolymeric nanocomposite films composed of xylans, cellulose
nanofibers and lignosulfonates were successfully produced by solvent casting. All the
prepared films showed good homogeneity and thermal stability up to 153 °C, which is a
key aspect for food related applications, since these films can withstand typical

sterilization procedures. Also, all films displayed good mechanical properties (tensile
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strength up to 12.75 — 14.02 MPa), UV-light barrier properties (transmittance < 19.1 %
(200 — 400 nm)) and antioxidant activity (up to 82.4% (DPPH scavenging activity).
Furthermore, the potential of the nanocomposite films was assessed by testing it in the
packaging of freshly cut pears stored at 4 °C, during 7 days, showing that the produced
films have superior performance by delaying the browning and the pH decrease of the
fruits, when compared to the commercial LDPE films.

Future studies could include lignosulfonates with other cations that could impart
additional functional properties to the developed films.

The combination of the films properties paired with the results of their performance
on the preservation of a food matrix shows that the prepared films are relevant
sustainable alternatives to the fossil fuel-based packaging currently available on the

market.
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