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ARTICLE INFO ABSTRACT
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The use of active packaging technologies and biopolymeric materials are among the emerging trends for
implementation of sustainability in the food packaging industry. Thus, herein, bioactive transparent nano-
composite films of thermoplastic starch (TPS) reinforced with bacterial nanocellulose (BNC) (1%, 5% and 10%
w/w, relative to starch) and enriched with gallic acid (GA) (1 and 1.5% w/w, relative to starch) were prepared by
the solvent casting method. The addition of BNC (>5% w/w) and GA (1 and 1.5% w/w) enhanced both the
mechanical properties (Young’s Modulus: 1.2-2.0 GPa vs. 1.0 GPa for TPS; tensile strength: 23-39 MPa vs. 20
MPa for TPS) and the water resistance (moisture absorption and solubility in water) of the nanocomposites. All
films are thermally stable up to 125 °C. It was also found that the addition of GA imparted the hydrocolloid TPS-
BNC nanocomposites with UV-blocking properties and antioxidant activity (DPPH scavenging activity above
80%). In addition, the film with 10% w/w of BNC nanofibers and 1% w/w of GA had good oxygen barrier
properties with a coefficient of permeability of 0.91 + 0.12 cm® um m~2 d~! kPa™! and antibacterial activity
against the gram-positive Staphylococcus aureus (reduction of about 4.5 logyo colony forming units (CFU) mL ™!
after 48 h). This is the first time that antibacterial activity is reported for TPS-BNC nanocomposites. The film with
10% w/w of BNC nanofibers and 1% w/w of GA was further demonstrated to have the ability of delaying the
browning and weight loss of packaged fresh cut apple stored at +4 °C for 7 days. All these outcomes are of great
relevance for the packaging sector, thus attesting the potential of the developed TPS-BNC-GA nanocomposites as
sustainable and eco-friendly film materials for active food packaging.
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Gallic acid

Antioxidant and antibacterial activities
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Active food packaging

materials (e.g., mechanical, barrier and optical properties), either used
alone or blended with reinforcements and/or other additives, have been

1. Introduction

The importance of plastics for the global economy and our daily lives
is unquestionable. Nevertheless, the environmental concerns raised by
their massive use and, the finite availability of fossil resources used to
produce conventional plastics (Rosenboom et al., 2022), altogether with
the environmental awareness of consumers and the pressure of global
environmental policies are driving the industrial transition towards
more sustainable and environmentally friendly materials (Cavaliere
et al., 2020). Food packaging, in particular, is one of the major gener-
ators of plastic waste and, consequently, the materials used in this sector
are witnessing a great change (Guillard et al., 2018; Porta et al., 2022).
In this context, biopolymers, owing to their biodegradability, renew-
ability, and ability to meet most of the requirements of packaging
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gaining relevance as green and viable alternatives to fossil-based plastics
(Moustafa et al., 2019). In fact, the biopolymers’ packaging market is
expected to grow at a compound annual growth rate (CAGR) of 12.6% in
the forecast period of 2021-2026 (Mordorintelligence, 2021), which
evidences the increasing concern of this sector on the exploitation of
biobased materials.

Among the multiple available biopolymers, starch is recognized as
one of the most promising ones to be applied in the production of
packaging materials since it is fully biodegradable, non-toxic, abun-
dantly available, and it has a low cost and ability to be converted into a
bioplastic material (Cheng et al., 2021; Jiang et al., 2020). Starch is a
hydrocolloid polysaccharide produced by plants and algae, comprising
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long chains of glucose units linked together by a-1,4 and a-1,6 glycosidic
bonds (Cheng et al., 2021; Compart et al., 2021). At the molecular level,
starch is composed by two main macromolecular constituents, namely
amylose and amylopectin (Cheng et al., 2021). Native starch can be
converted into thermoplastic starch (TPS) by applying heat and shear
force to the starch granules in the presence of adequate amounts of
water and other plasticizers (e.g., glycerol, sorbitol, or polyethylene
glycol) (Bodirlau et al., 2014). The water and other plasticizers enhance
the polymer flexibility and processability through disruption of the
molecular interactions between the starch chains (Khan et al., 2017).
Hence, with the possibility of using industrial thermal processing tech-
niques (extrusion, injection moulding, etc.), similar to conventional
thermoplastics, TPS is perceived as an attractive candidate to replace the
traditional synthetic polymers (e.g., polyethylene, ethylene vinyl
alcohol copolymer (EVOH)) used in food packaging (Garcia-Guzman
et al., 2022; Lauer & Smith, 2020). However, TPS exhibits some weak-
nesses, namely poor mechanical properties (low tensile strength) and
high sensitivity to moisture that hamper its broader application as a
packaging material (Pérez-Pacheco et al., 2016). To overcome some of
these limitations, the formulation of TPS-based composites reinforced
with cellulosic fibres, whose similarity with the chemical structure of
starch, foresees a good compatibility between both biopolymers (Mon-
toya et al., 2014), has gained deal of great interest. Nanocelluloses
forms, in particular, have demonstrated to be effective reinforcement
agents in improving the mechanical properties of TPS-based films as
demonstrated in works with cellulose nanofibers (CNFs) (Fazeli et al.,
2018; Park et al., 2019), cellulose nanocrystals (CNCs) (Gonzalez et al.,
2020) or bacterial nanocellulose (BNC) (Martins et al., 2009; Osorio
et al., 2014). Additionally, in some cases, the water resistance and
thermal stability of TPS-based films were also found to be enhanced by
the addition of nanocelluloses (Fazeli et al., 2018; Osorio et al., 2014).

Bacterial nanocellulose is a particularly fascinating hydrocolloid
nanocellulose substrate produced extracellularly by several non-
pathogenic bacteria, from which, the most used strains belong to the
genus Komagataeibacter (formerly Gluconoacetobacter) (Torres et al.,
2019). Besides its inherent biodegradability and renewable character,
BNC also exhibits a set of other properties that turn it very appealing,
namely the superior mechanical strength, high crystallinity, high ther-
mal stability, and high purity (Cacicedo et al., 2016; Klemm et al.,
2011). Another interesting feature of BNC is the fact that agro-industrial
residues can be used, as fermentation medium, for its production (Costa
et al., 2017; Gomes et al., 2013; Kumar et al., 2019), which, in one way,
contributes to reduce the overall costs and, on the other, meets the
principles of circular bioeconomy and sustainable development.
Although the combination of TPS and BNC has already been investigated
in several studies (Abral et al., 2021; Fabra et al., 2016; Grande et al.,
2008; Martins et al., 2009; Montoya et al., 2014, 2019; Orts et al., 2005;
Osorio et al., 2014; Santos & Spinacé, 2021; Wan et al., 2009; Wang
et al., 2015), only some of them point out food packaging as a potential
application (Abral et al., 2021; Fabra et al., 2016; Martins et al., 2009;
Montoya et al., 2019; Osorio et al., 2014; Santos & Spinacé, 2021). The
others are mainly focused on the method of production and character-
ization of the material, without targeting a specific application (Grande
et al., 2008; Montoya et al., 2014; Orts et al., 2005; Wan et al., 2009;
Wang et al., 2015). However, among the works directed to packaging,
the research is mostly limited to the improvement of the mechanical
behaviour, moisture sensitivity or barrier properties. But, in recent
years, there were considerable advances in the packaging technology
with the emergence of the concept of active packaging, viz. packages
containing active compounds intended to extend or preserve products
quality, safety, or shelf-life (Carvalho et al., 2021; Vilela et al., 2018).
The food packaging sector has made great investment and progresses in
this field (Vasile & Baican, 2021; Yildirim et al., 2018). Therefore,
beyond the mechanical and barrier properties, other functionalities,
such as antioxidant and antimicrobial activities or UV- barrier proper-
ties, are valued in the designof innovative packaging materials.
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Additives, like natural phenolic compounds, have received special
attention, since they are widely present in plants and are often described
as having antioxidant, antimicrobial and UV-barrier properties (Mar-
tillanes et al., 2017). Among the multitude of natural phenolic com-
pounds, gallic acid (3,4,5-trihydroxybenzoic acid, GA) is a low-cost
compound, described as a powerful antioxidant with antimicrobial
properties (Badhani et al., 2015), which is present, for example, in Pinus
pinaster bark (Ferreira-Santos et al., 2019), Suaeda glauca Bge leaves
(Wang et al., 2016), black tea ( Souza et al., 2020) or in pineapple in-
dustry wastes (Septilveda et al., 2018), and thus, it is an interesting
candidate to be explored as active agent. Indeed, in the field of food
packaging, besides the incorporation in gelatin (Limpisophon &
Schleining, 2017; Luo et al., 2021) and chitosan films (Zarandona et al.,
2020), GA has already been loaded in starch films produced from potato
by-products using the subcritical fluid technology, with the results
showing that GA has provided those films with antioxidant properties
(Zhao & Saldana, 2019). Regarding BNC, it was also found that the
incorporation of a GA-based ionic liquid into BNC membranes resulted
in materials with antioxidant and anti-inflammatory activities, but in
this case, for healthcare purposes (Morais et al., 2019).

Nevertheless, and to the best of our knowledge, the development of
nanocomposite films composed of TPS, BNC and GA has never been
studied. Therefore, it is a pertinent research topic to explore and
investigate the gains of combining these two biopolymers with this
phenolic acid in order to evaluate, not only the active properties of the
resulting composite, but also whether some of the limitations of starch,
as food packaging material, are surpassed.

Hence, the aim of this study was to develop TPS-based films rein-
forced with BNC nanofibers and loaded with GA to produce active TPS-
BNC-GA nanocomposite films with antioxidant, antimicrobial and UV-
barrier properties for potential application as sustainable active food
packaging materials. A set of TPS-BNC-GA films, with different contents
of BNC and gallic acid, was prepared and characterized in terms of
structure, morphology, thermal stability, mechanical performance,
water resistant properties (moisture absorption, solubility in water),
optical properties, antioxidant activity, oxygen permeability (OP),
antibacterial activity against the Gram-positive Staphylococcus aureus
and applicability in preserving fresh-cut apple stored at +4°C.

2. Materials and methods
2.1. Chemicals, materials and microorganisms

Citric acid (>99.5%), disodium hydrogen phosphate (>>99.0%), glucose
(>99.5%), glycerol (>99.5%), potassium chloride (>99.0%), potassium
phosphate monobasic (>99.0%), sodium chloride (>99.0%), 2,2-diphenyl-
1-picrylhydrazyl (DPPH) and potato starch (20% amylose and 80%
amylopectin) (Zhao et al., 2019) were purchased from Sigma-Aldrich
(Lisbon, Portugal). Tryptic Soy Agar (TSA) and Tryptic Soy Broth (TSB)
were supplied by Liofilchem (Roseto degli Abruzzi TE, Italy). Peptone and
yeast extract were acquired from Himedia Laboratories GmbH (Einhausen,
Germany). All other chemicals were of laboratory grade.

BNC was produced in our laboratory using the acetic acid bacteria
G. sacchari grown in Hestrin-Schramm (HS) culture medium (20 g Lt
glucose, 5 g L™} peptone, 5 g L™! yeast extract, 2.7 g L™! disodium
hydrogen phosphate, 1.15 g L™! citric acid, pH 5) under static culture
conditions at 28 °C for 4-5 days (Trovatti et al., 2011). The resulting
BNC membranes were recovered and purified following a previously
described methodology (Almeida et al., 2022). Subsequently, the puri-
fied BNC membranes were disintegrated with a MiniBatch D-9 homog-
enizer (MICCRA GmbH, Heitersheim, Germany) during 25 min at 16000
rpm to obtain the BNC nanofibers.

Staphylococcus aureus DSM 25693 bacterium, a methicillin resistant
(MRSA) strain was provided by DSMZ — Deutsche Sammlung von Mik-
roorganismen und Zellkulturen GmbH (German Collection of Microor-
ganisms and Cell Cultures).
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2.2. Films preparation

Potato starch powder (2% w/v) was dispersed in distilled water and
the obtained suspension was then heated in an oil bath at 95 °C for 30
min with stirring (500 rpm) to promote the gelatinization of starch. After
this step, the starch solution was cool down to ca. 40-50 °C and then
glycerol (20% w/w, on starch dry basis) was added, and the solution
stirred for another 1 h. The TPS-BNC films were prepared by adding
different contents of disintegrated BNC (1, 5 and 10% w/w, on starch
dry basis) to the starch solution. To prepare the TPS-BNC-GA films, two
different GA concentrations (1 and 1.5% w/w, on starch dry basis) were
added simultaneously with BNC. A control film consisting of only of TPS
was also prepared. All formulations were casted on polystyrene moulds
and placed in an air-ventilated oven at 35 °C during at least 20 h for
solvent evaporation. After drying, films were carefully peeled off from
the mould and stored at room temperature and 50 + 5% relative hu-
midity (RH) and protected from light. The identification and composi-
tion of all the prepared films are presented in Table 1.

2.3. Films characterization

All TPS-based films were characterized regarding their thickness,
morphology, structure, thermal stability, water resistant properties
(moisture absorption and solubility in water), optical properties and
antioxidant activity (DPPH free radical scavenging). Based on the results
of these characterizations, the composite film TPS-BNC10-GA1l was
selected and further characterized in terms of oxygen permeability,
antibacterial activity against S. aureus and applicability in preserving
fresh-cut apple stored at 4 °C.

2.3.1. Thickness

Films thickness was measured using a hand-held digital micrometer
Mitutoyo (Mitutoyo Corporation, Japan) with an accuracy of 1 pm.
Measurements were taken at five different randomly locations and the
mean value and standard deviation were calculated.

2.3.2. Morphology

The surface and cross-section morphology of the films was analyzed
by scanning electron microscopy (SEM). Micrographs were obtained
using a high voltage microscope (HR-FESEM SU 70 Hitachi, Tokyo,
Japan) operated at a low voltage of 1.5 kV to minimize the risk of
damaging the surface of the film. Prior to image acquisition, samples
were placed on an aluminium support and coated with a carbon film.
The cross-sections of the films were obtained by breaking the films after
immersion in liquid nitrogen.

2.3.3. Structure
2.3.3.1. Infrared spectroscopy. The structure of the films was studied by
Attenuated Total Reflection — Fourier Transformed Infrared (ATR-FTIR)

spectroscopy using a Perkin-Elmer FT-IR system Spectrum BX-

Table 1
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spectrophotometer (Perkin-Elmer Inc., Waltham, Massachusetts, USA)
equipped with a single horizontal Golden Gate ATR cell. The ATR-FTIR
spectra were acquired over the wavenumber range of 600-4000 cm !
with a resolution of 4 cm ™! in a total of 32 scans.

2.3.3.2. X-ray diffraction (XRD). The XRD patterns of all nano-
composite films were performed on an Empyrean X-ray diffractometer
(Malvern Panalytical, Malvern, United Kindgom) operated at a voltage
of 45 kV and 40 mA using CuK radiation (A= 1.541 A) in an angular
range of 5-50° (26) and at a scanning speed of 1° min~!. The XRD
patterns were acquired in reflection mode with the films placed on a Si
wafer with negligible background signal.

2.3.4. Thermal stability

Thermogravimetric analysis (TGA) was conducted with a Hitachi
STA300 analyzer (Hitachi, Tokyo, Japan) equipped with a platinum cell.
The samples were heated from room temperature to 800 °C at a constant
rate of 10 °C min~! under a nitrogen atmosphere.

2.3.5. Mechanical performance

The mechanical performance of the films was studied by uniaxial
tensile tests using an Instron 5966 testing machine (Instron, Norwood,
Massachusetts, USA) in the traction mode with a 500 N static load cell at
a cross-head speed of 10 mm min~! and with a gauge length of 30 mm.
Before testing, rectangular strips of each film (50 x 10 mm?) were
equilibrated at room temperature and 50 + 5% RH for 24 h. Stress
(MPa) and strain (%) curves were plotted and the tensile strength, the
Young’s Modulus and the elongation at break were calculated using the
Instron BlueHill 3 software. Six replicates were analyzed for each film.

2.3.6. Water resistance properties

2.3.6.1. Moisture absorption. The moisture absorption capacity was
evaluated by placing the dry films specimens (20 x 20 mm?) in a
conditioned container at about 75% RH (with a saturated sodium
chloride aqueous solution) (Greenspan, 1977) and at room temperature
for 2 h, 6 h, 24 h and 72 h. At each time point, the specimens were
weighted (W), and the moisture absorption was calculated according to
the equation:

W, — Wy

0

Moisture absorption (%) = x 100

where Wy is the initial weight of the dry film. Temperature and envi-
ronment air moisture inside the container were monitored using a dig-
ital temperature and humidity meter.

2.3.6.2. Solubility in water. The water solubility of the films was
assessed following a previous described method (Ntnez-Flores et al.,
2012). Briefly, film samples (20 x 20 mm?) were dried (60 °C, 4 h),
weighed and placed in flasks with 25 mL of distilled water and then let to
stand at room temperature for 24 h. After that, the films were recovered

Identification, composition and thickness values (+ standard deviation) of the prepared films.

Film Starch (% w/v) Glycerol (%)" BNC (%)° Gallic acid (%)" Thickness (pm)
TPS 2 20 - - 28 +2
TPS-BNC1 2 20 1 - 33+3
TPS-BNC1-GA1 2 20 1 33+3
TPS-BNC1-GAl1.5 2 20 1 1.5 33+2
TPS-BNC5 2 20 5 - 33+2
TPS-BNC5-GA1 2 20 5 1 34 +2
TPS-BNC5-GA1.5 2 20 5 1.5 36 +2
TPS-BNC10 2 20 10 - 35+2
TPS-BNC10-GA1 2 20 10 1 35+1
TPS-BNC10-GA1.5 2 20 10 1.5 36+1

2 w/w relative to starch.
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in a filter paper and dried at 105 °C for 24 h. The solubility of each film
was calculated by the equation:
Wo — W,

0

Solubility in water (%) = x 100

where Wy is the initial weight of the films and W¢ is the weight of the
undissolved dried film fraction. Measurements were carried out in five
replicates.

2.3.7. Optical properties

The transmittance spectra of the films were acquired with an Ultra-
violet-visible (UV-vis) Multiskan Go spectrophotometer (Thermo
Fischer Scientific, Waltham, Massachusetts, USA). The spectra of the
films (40 x 10 mm?) were recorded at room temperature in the range of
200-800 nm. Additionally, the opacity of films was determined at 600
nm by the following equation (Wang et al., 2018):
Opacity :@

X

where Aggg is the absorbance at 600 nm and x is the mean thickness
(mm) of the film. Measurements were performed in triplicate and the
mean value with the respective standard deviation were calculated.

2.3.8. Antioxidant activity

The antioxidant activity of the films loaded with GA was evaluated
by the DPPH free radical scavenging method as described elsewhere
(Moreirinha et al., 2020), with minor modifications. Films of TPS and
TPS-BNC without GA were also analyzed for comparison purposes.
Briefly, a film sample (10 x 10 mm?) was added to 4 mL of an etha-
nol/water (1:1) solution and then, 250 pL of 1 mM DPPH in ethanol was
added (0.06 mM final concentration). The mixture was incubated at
room temperature, in the dark, with slight agitation (80 rpm) during 2 h.
At the end of this incubation period, the absorbance was measured at
517 nm in a Thermo Scientific Multiskan™ FC microplate reader
(Thermo Fischer Scientific, Waltham, Massachusetts, USA). The DPPH
scavenging activity was calculated using the following equation:

_ (Apper — Asanpic)

x 100
AprpH

DPPH scavenging activity (%)

where Agample is the absorbance of the ethanolic solution containing the
film sample and Apppy is the absorbance of the control (viz. ethanol/
water solution with DPPH but without film sample). Samples were
analyzed in triplicate.

2.3.9. Oxygen permeability

The oxygen permeability of the films (TPS, TPS-BNC10 and TPS-
BNC10-GA1) was determined in accordance with the ISO-15105-2:2003,
at 23 °C and 50% RH using the Labthink Perme 0X2/230 equipment
(Labthink International, Inc, Medford, Massachusetts, USA). Film samples
were enveloped in an aluminum foil mask, leaving an exposed tested area
of 5.31 em?. Prior to analysis, all samples were conditioning at 23 °C and
50% RH for 24 h. The oxygen concentration in the test gas was 99.96%
and the carrier gas was 99.99% nitrogen. Measurements were performed,
in duplicate, under atmospheric pressure.

2.3.10. In vitro antibacterial activity

Film samples (TPS, TPS-BNC10 and TPS-BNC-GAl) were tested
against S. aureus DSM 25693 MRSA. Prior to the test, film samples (small
pieces of 1 cm?) were UV-sterilized during 20 min on each side. The
bacteria were grown on solid medium (TSA) at 37 °C during 24 h and
posteriorly kept at 4 °C. Before each assay, one isolated colony was
inoculated in 30 mL of TSB medium and grown aerobically at 25 °C
overnight, for 18-24 h, under stirring (120 rpm). An aliquot of this
culture (300 pL) was transferred into a new fresh TSB liquid medium and
grew under the same growth conditions until stationary growth phase
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was achieved (=~ 10° colony forming units per mL (CFU mL™Y). Then,
the bacterial culture was diluted in phosphate buffer saline (PBS) (137
mmol ™! NaCl, 2.7 mmol™' KCl, 8.1 mmol™' Na,HPO4-2H,0, 1.76
mmol ! KHyPO,, pH 7.4) to obtain a bacterial suspension with 10° CFU
mL ! of concentration and further incubated with film samples (3 cm?
(3 pieces of 1 cm?) mL™?) at 25 °C during 48 h. Aliquots of 100 pL were
taken at 0, 24 and 48 h of incubation and serially diluted in PBS. Then,
two drops per dilution (10 pL each) were plated onto TSA medium, by
the drop plate method. After the drops dried, the Petri plates were
inverted and incubated at 37 °C for 18—24 h to determine the concen-
tration of bacteria (CFU mL™!) by colonies counting on the most
appropriate dilution. A negative control consisting in S. aureus bacterial
suspension (10° CFU mL 1) without film sample was also included in the
test. Three independent assays with two replicates each were performed
and the average of the results was calculated.

2.3.11. Evaluation of films performance on preserving fresh-cut apple

2.3.11.1. Experimental set-up. Apples (Malus domestica Borkh cv. Gala)
were purchased at Aveiro (Portugal) at a local market. Fruits, with a
diameter between 65 and 70 mm, were chosen accordingly to color
uniformity and absence of physical defects. The selected fruits were
washed with distilled water, peeled, and cut in half using a stainless-
steel knife. Afterwards, each fruit half was cut into roughly cubed sha-
ped pieces (~2.0 x 2.0 x 2.0 cm®), and immediately immersed in a
sodium hypochlorite (NaClO) solution at 100 ppm for 10 min for
disinfection, followed by immersion in distilled water for 10 min to
remove the NaClO. Then, the apple samples were dried with absorbent
paper and placed in aluminum trays coated on the bottom and covered
on the top with the prepared films (TPS, TPS-BNC10, TPS-BNC10-GA1),
in sets of 3 apple cubes per tray. After sealing, each container was stored
in a refrigerator at +4 + 1 °C for 7 days. For comparison purposes,
samples with no film, and with commercial low-density polyethylene
(LDPE) film were also prepared. Fresh apple samples were analyzed on
the 3" and 7™ day of storage regarding their physical appearance,
browning index (BI), weight loss and pH.

2.3.11.2. Physical appearance and BI. The physical appearance of fresh
apple samples was recorded and the color parameters, expressed in the
CIELab scale (L*, a* and b*), were analyzed using a Konica Minolta CM-
2300d portable sphere type spectrophotometer with horizontal align-
ment (Konica Minolta Sensing Europe B.V., UK) and the Spectra Magic™
NX software, after prior calibration with a white calibration plate. The
color measurements were acquired at five randomly selected sites of the
fruit cubes and performed in triplicate for each aluminum tray. The BI
was calculated according to the following equation (Jiang et al., 2022):

[100(X — 0.31)]
0.172

BI =

_ (@+175L)
where X = s a3 0135

2.3.11.3. Weight loss. The weight loss of the fresh-cut apple samples
was determined from the difference between the initial weight (W;) of
each fruit cube and its respective weight at the day n (Wy,) of the storage
time as shown by the following equation:

W,

Wi =W,
Weight loss (%) =————— x 100

These measurements were performed in triplicate.

2.3.11.4. pH. The pH of the fresh-cut apple samples was measured ac-
cording to the AOAC method. Briefly, 10 g of fruit were triturated with a
hand blender with 100 mL of distilled water, and the pH of the solution
measured using a digital benchtop pH meter. Five measurements were
carried out for each sample.
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2.4. Statistical analysis 3. Results and discussion

All data are expressed as mean + standard deviation. Statistical Novel nanocomposite TPS films, reinforced with BNC nanofibers and
significance was assessed applying a one-way analysis of variance loaded with gallic acid, GA, were prepared through the solvent casting
(ANOVA) followed by Tukey’s test (GraphPad Prism software 8.0.2). method (Fig. 1). Different contents of BNC nanofibers (1, 5 and 10% w/
Statistical significance was established at p < 0.05. w, relative to starch) and GA (1.0 and 1.5% w/w, relative to starch) were

Starch

Gelatmlzatlor‘

95°C
30 min

<500 rpm

Disintegrated bacterial

llic acid (GA
1G :n:icla ‘;;2(:: /‘L nanocellulose (BNC)
’ 5 1,5 and 10% w/w
HO Thermoplastic Starch N » e, U B
VH (TPS) with 20% w/w of o i
HO glycerol (G) on 5
OH

TPS TPS-BNC1 TPS-BNC1-GA1 TPS-BNC1-GAl.5 TPS-BNCS

TPS-BNC5-GA1 TPS-BNC5-GA1.5 TPS-BNC10 TPS-BNC10-GA1l TPS-BNC10-GAl.5

Fig. 1. Scheme showing the preparation of the TPS-BC-GA nanocomposite films by solvent casting, and the corresponding digital photographs with films placed on
the top of a plant leaf to evidence their transparency.
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investigated (Table 1) to evaluate their influence on the properties of the
nanocomposite films and, thus, select the most promising formulations
for potential application as active packaging materials.

The obtained TPS-based nanocomposite films were then character-
ized in terms of their thickness, structure, morphology, thermal stability,
mechanical behaviour and water resistance (moisture absorption and
the solubility in water). The optical properties and the antioxidant ac-
tivity (DPPH free radical scavenging) of all nanocomposites were also
evaluated. Based on the obtained results, the film containing 10% w/w
of BNC nanofibers and 1% w/w of GA, was selected to further analyse
the oxygen permeability, the antibacterial activity against S. aureus and
applicability on preserving fresh-cut apple stored at +4 °C.

As depicted in Fig. 1, all the resulting films are macroscopically
homogeneous and exhibit a transparent appearance, that slightly
decreased with the increasing content of BNC. Regarding the thickness
of films, it increased from ca. 28 pm in the TPS film to values between 33
and 36 pm in nanocomposite films containing BNC and GA (Table 1).

3.1. Structure

3.1.1. ATR-FTIR spectroscopy

The structure of the TPS, TPS-BNC and TPS-BNC-GA films, as well as,
of their precursors (starch, BNC, glycerol and GA) was analyzed by ATR-
FTIR spectroscopy. As presented in Fig. 2, the spectra of the nano-
composite films are similar to those of native starch and TPS film, with a
typical spectrum of polysaccharides, showing the characteristic broad
absorption bands at around 3300 cm™! credited to vibrations of O-H
groups associated with intra and intermolecular hydrogen bonds in BNC
and of starch, water and glycerol in TPS (Nguyen Vu & Lumdubwong,
2016; Santos & Spinacé, 2021). The bands at around 2900 cm’l, 1150
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cm ! and 1000-1080 cm™! are attributed to the stretching of the C-H,
C-0O-C and C-O functional groups, respectively (Abdullah et al., 2018).
Albeit the similarity between spectra, the single peak that appears in
native starch at 996 cm™?, related to the C-O stretching, is transformed
into two peaks at around 996 and 1010 cm ™! in TPS and in the ensuing
nanocomposite films. This may be associated with the plasticization
effect of glycerol due to the weakening of intra and inter-molecular
hydrogen bonds between the starch chains (Nguyen Vu & Lumdub-
wong, 2016). An absorption band is also observed at around 1650 cm’l,
which is typically assigned with the deformation vibration of the
adsorbed water molecules to starch (Nguyen Vu & Lumdubwong, 2016;
Zhao & Saldana, 2019). Moreover, the absorption band at around 1415
em ™! corresponds to the presence of C-H symmetrical scissoring of
—CH>OH moieties of starch and cellulose chains (Abdullah et al., 2018).
The similarity of the spectra of TPS and of the nanocomposites, not
showing new peaks or significant shifts in peaks position, is also indic-
ative that there are no substantial changes in the structure of the starch
matrix and confirming the good compatibility between the matrix and
the remaining components of the nanocomposites. It should also be
noted that some absorption bands of common functional groups, are
probably overlapped, given the analogous polysaccharidic structure of
BNC and starch. On the other hand, the low loadings of the additives
(glycerol and GA) in relation to starch, particularly of GA, may also
explain the absence of the typical bands associated with these
compounds.

3.1.2. X-ray diffraction

To complement the structural analysis of the ensuing nanocomposite
films and infer about their crystalline/amorphous nature, XRD analysis
was performed. The diffraction patterns depicted in Fig. 3 show that the
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Fig. 2. ATR-FTIR spectra of (A) starch, glycerol, GA and BNC and of (B) TPS film and the TPS-based nanocomposite films with different contents of BNC and GA.
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Fig. 3. X-ray diffractograms of TPS film and the TPS-based nanocomposite
films with different contents of BNC and GA.

neat TPS film is essentially amorphous in nature, with a low intensity
diffraction peak at about 26 7.4° representative of the V-type crystalline
structure, which is indicative of some retrogradation of the gelatinized
starch that may have occurred during drying (Wongprayoon et al.,
2018). In the nanocomposites with 1% w/w of BNC nanofibers
(TPS-BNC1), the diffraction pattern is still very characteristic of an
amorphous material. With the increasing content in BNC nanofibers, the
peaks at 20 17.0° and 22.5° become more pronounced. The peak at 26
17.0° could be associated with the starch B-crystalline structure,
whereas the peak at 20 22.5° is attributed to the semi-crystalline
structure of the BNC nanofibers (typical of type I cellulose). These re-
sults suggest, on the one hand, that the BNC nanofibers favor the
retrogradation of starch, agreeing with results obtained by other authors
(Martins et al., 2009) and, on the other, that the reinforcement boosted
the crystallinity of the nanocomposite films. With the addition of GA, the
crystallinity of nanocomposites slightly decreased, namely the intensity
of the peak at 20 17.0°, suggesting that this compound may be delaying
or preventing the re-crystallization of starch as previously reported for
potato starch films loaded with GA, and that may be explained by the
establishment of intermolecular H-bonding between the —~OH groups of
starch and GA (Zhao & Saldana, 2019). A similar effect was also
observed in potato starch-chitosan blend films containing ferulic acid
(Mathew & Abraham, 2008) or in cassava starch films loaded with yerba
mate extract (Jaramillo et al., 2016).
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3.2. Morphology

The surface and cross-section morphology of all the obtained nano-
composite films was studied by SEM and the micrographs are compiled
in Fig. 4. From the surface images, it is visible that the pure TPS film has
a fairly smooth surface as previously observed by other authors (Chen
et al., 2021). On the other hand, in the nanocomposite films, the addi-
tion of BNC nanofibers led to a slight increase in surface roughness, that
it is intensified with the rise of the BNC content (Fig. 4). But, a quite good
dispersion of BNC nanofibers was achieved in all nanocomposites with
no visible pores or cracks on the surface of the films, being evident the
embedment of the nanofibers into the TPS matrix. The micrographs also
reveal that no evident differences were observed in the films containing
GA, demonstrating that there were no agglomerates of GA formed dur-
ing solvent evaporation. This is similar to what was previously reported
for TPS films loaded with GA (Zhao & Saldana, 2019). Analogous results
were revealed by the cross-section images with an increasing rough
morphology with the augment of the amount of BNC, but a general good
dispersion and embedment of the BNC into the TPS matrix even for
higher BNC contents. The formation of GA agglomerates is also not
perceived in the cross-section micrographs. These observations
confirmed the good compatibility and miscibility of the individual
components of the nanocomposites, thus corroborating the visual aspect
of the films._c

3.3. Thermal stability

The thermal behaviour of the prepared nanocomposite films was
investigated by TGA, aiming at determining their thermal stability and
degradation profile. The obtained TGA curves and their first derivative
(DTG) are depicted in Fig. 5. All the ensuing films had a quite similar
thermal behaviour displaying three distinct stages of weight loss. The
first stage (<120 °C) with a small weight loss is associated with the
volatilization of water molecules from the nanocomposites. The second
one (125-240 °C) is attributed to the decomposition of glycerol,
concurring with results obtained by other authors for starch-based films
plasticized with glycerol (Menzel et al., 2019; Rodrigues et al., 2021).
Moreover, the degradation of GA may also occur in this region at about
224 °C (Chen et al., 2020). The third step, which is the one with the
highest weight loss, has maximum decomposition temperatures of about
300-310 °C (TPS: 306 °C; TPS-BNC1: 306 °C; TPS-BNC1-GA1l: 306 °C;
TPS-BNC1-GAL1.5: 300 °C; TPS-BNC5: 309 °C; TPS-BNC5-GA1: 308 °C;
TPS-BNC5-GA1.5: 309 °C; TPS-BNC10: 310 °C; TPS-BNC10-GAl:
306 °C; TPS-BNC10-GA1.5: 308 °C), that correspond to the extensive
degradation of starch (the main component of the films), but also of BNC
(Abral et al., 2021; Nunes et al., 2021). Although there are some vari-
ations in the values, the results suggest that these contents of BNC and
GA do not significantly influence the maximum decomposition tem-
perature of the nanocomposites. These results are in line with those of
the XRD analysis in which only slight changes were observed in the
crystallinity of the nanocomposites compared with TPS.

Finally, above 400 °C, the carbonization of residues of the starch-
based films and formation of carbonaceous char takes place (Nunes
etal., 2021), resulting in a final residue varying between 16 and 19%. In
conclusion, the results indicate that all the developed nanocomposite
films are stable up to 125 °C, which is still above of either the pasteur-
ization (<100 °C) or the steam sterilization (110-121 °C) temperatures,
that are common heat treatments applied by some industries to elimi-
nate pathogenic microorganisms from packaged products (Chiozzi et al.,
2022; Jildeh et al., 2021).

3.4. Mechanical performance
The poor mechanical properties of starch-based films are one of the

limitations that hampers their broad application in packaging (Onyeaka
et al., 2022). In order to verify the effect of the addition of BNC and GA
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Fig. 4. SEM micrographs of the surface and cross-section of the TPS film and TPS-based nanocomposite films.



T. Almeida et al.

A
100 1~
- —TPS
: ---TPS-BNC1
5t - ---TPS-BNC1-GA1
TPS-BNC1-GA1.5
<5 —TPS-BNC5
e: 60 - —TPS-BNC5-GA1
'ED —TPS-BNC5-GA1.5
g 40, - —TPS-BNC10
- TPS-BNC10-GA1
‘TPS-BNC10-GA1.5
20 -
0 T T 1 ‘ : [ I ‘
25 125 225 325 425 525 625 725 825
Temperature (°C)
B
2.5 4
—TPs
, ---TPS-BNC1
- ---TPS-BNC1-GAl
- TPS-BNC1-GAl.5
€15
£ —TPS-BNC5
é —TPS-BNC5-GA1
< 1
3 —TPS-BNC5-GAL.5
L —TPS-BNC10
os+4 4y TPS-BNC10-GA1
------ TPS-BNC10-GA1.5
0 T

25 125 225 325 425 525 625 725 825
Temperature (°C)

Fig. 5. (A) Thermogravimetric curves and (B) the respective derivatives of the
TPS film and the TPS-based nanocomposite films with different contents of BNC
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on the mechanical performance of the TPS films, their mechanical
properties were evaluated by tensile tests.

The results of the tensile tests (Fig. 6A-C) confirmed that, as ex-
pected, the incorporation of BNC nanofibers into the TPS matrix resulted
in more resistant films, with a clear increase of the Young’s modulus
(YM) and tensile strength (TS) with the rising in the content of BNC fi-
bers. These results, on the one hand, reflect the compatibility between
the plasticized starch matrix and BNC, anticipated by the above-
mentioned structural similarity of the two hydrocolloid biopolymers and
further evidenced in the SEM micrographs, that results in a better
interfacial interaction and strong hydrogen bonding between them
(Karimi et al., 2014). But, above all, the results highlight the character of
BNC nanofibers as reinforcement agent of TPS, as intended. In fact, the
reinforcement of TPS matrix with BNC nanofibers has been previously
described (Hafizulhaq et al., 2018; Martins et al., 2009).

Although the reinforcement with BNC seems to be the main factor
that is contributing to the strengthening of the nanocomposites, the
incorporation of GA has also resulted in a slight increase in both YM and
TS, especially in the nanocomposites comprising 5 and 10% w/w of BNC
nanofibers, probably because of the formation of intermolecular
hydrogen bonds between the ~-OH groups of GA and BNC and starch, that
will contribute to a more stable and compact network (Mangmee &
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Homthawornchoo, 2016; Zhao & Saldana, 2019). Specifically, the YM
values of the nanocomposite films vary between 1.2 and 2.0 GPa (vs. 1.0
GPa for TPS) and the TS between 23 and 39 MPa (vs. 20 MPa for TPS),
being the film with 10% w/w of BNC and 1.5% w/w of GA
(TPS-BNC10-GA1.5), the nanocomposite that exhibits the highest
values. The incorporation of phenolic compounds like GA (Rachtanapun
& Tongdeesoontorn, 2009), water-soluble phenolic compounds extrac-
ted from rice straw waste (Menzel et al., 2020), and green tea extract
(Mangmee & Homthawornchoo, 2016) in starch-based films has also
demonstrated to result in more resistant films in a mechanical point of
view.

Notably, the values of YM and TS, here obtained, are also in the range
of those reported for synthetic polymers commonly used in flexible
packaging, like EVOH (YM: 2.1-2.6 GPa; TS: 59-77 MPa) or LDPE (YM:
0.2-0.5 GPa; TS: 8-31 MPa) (Luzi et al., 2019; Mangaraj, Goswami, &
Mahajan, 2009). Not surprisingly, this increase in strength, was
accompanied by a significant reduction in the elongation at break for the
nanocomposites with BNC and with BNC and GA (values in the range of
3.4-4.1%) when compared with pure TPS films (6.8%). However, for
this parameter no significant variations between nanocomposites were
perceived, regardless of the BNC and GA contents. In literature, the ef-
fect of GA on the elongation of starch-based films differs. While Zhao
and Saldana (2019) reported an increase in the elongation at break of
starch-based films loaded with GA up to 0.2 g of GA/g of potato cull
starch, Rachtanapun and Tongdeesoontorn (2009) described the oppo-
site effect in rice flour/cassava starch film blends incorporating 0.04 g of
GA/g rice/flour/cassava starch, where the elongation at break
decreased from 20% (film without GA) to 14% (film with GA), similarly
to what was observed here. This may be explained by the formation of
the aforementioned intermolecular interaction between GA and starch,
that will hinder the intramolecular mobility of starch chains, thus
resulting in more rigid films (Menzel, 2020). The effect of cellulosic fi-
bers on the reduction of the elongation of TPS films is also well known.
Indeed, similar results were obtained for films based on TPS reinforced
with cellulosic fibers, namely, TPS films with 10% microfibrillated cel-
lulose showing an elongation at break of 2.5% (Nordin et al., 2018) or
films of modified starch microparticles with TPS and with Microcell
(micronized cellulose) recording a value of 3.7% (Bodirlau et al., 2014).
However, and albeit the reduction in the elongation at break of the
TPS-BNC-GA films, it should be noted that, from a mechanical point of
view, these nanocomposite films, regardless of the BNC and GA content,
remain flexible enough to be handled, as illustrated in Fig. 6D.

3.5. Water resistance properties

3.5.1. Moisture absorption

Due to the hygroscopic nature of starch, another challenge for its
application as a packaging material is to improve its resistance to
ambient humidity in order to preserve its physical and barrier proper-
ties. In this sense, the effect of the addition of BNC nanofibers and GA on
the ambient moisture absorption from the developed films was
investigated.

The results (Fig. 7A) show that, although all films absorbed moisture
over time, the addition of the BNC nanofibers and GA had a positive
effect on this property. For the same time point, as the BNC content
increases, a clear trend of reduction in the moisture absorption by the
nanocomposites was observed. At 72 h, comparatively with neat TPS,
films containing 10% w/w of BNC without or with GA (1 and 1.5% w/w)
have effectively absorbed significantly less (p < 0.05) moisture from the
environment. Specifically, whereas, in the neat TPS film the moisture
absorption reached 8.9 + 1.5%, in the nanocomposite films, this value is
reduced to values between ca. 4.9 + 0.6% for TPS-BNC10, 2.9 + 0.5%
for TPS-BNC10-GA1 and 3.1 + 0.6% for TPS-BNC10-GALl.5, suggesting
that they have higher resistance to ambient moisture, similarly to what
was achieved by other authors for TPS films reinforced with cellulosic
fibers (Bodirlau et al., 2014; Hafizulhaq et al., 2018) or loaded with
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Fig. 6. (A-C) Mechanical properties (Young’s modulus, tensile strength and elongation at break) of the TPS film and of the TPS-based nanocomposite films with
different contents of BNC and GA. The values are the mean of five replicates and the error bars correspond to standard deviations. Means with different letters
indicate a significant difference (p < 0.05); (D) photograph of the flexible TPS-BNC10-GA1.5 nanocomposite film.

yerba mate extract (Jaramillo et al., 2016). This reduction in moisture
absorption by the nanocomposites of TPS-BNC10-GA, when compared
with neat TPS, may be mainly associated with the presence of the BNC
nanofibers that, despite their hydrophilic nature, are more crystalline.
Moreover, as aforementioned, owing to the chemical similarity, the BNC
nanofibers can establish interactions with starch matrix, resulting
thereby in a good interfacial adhesion between both components, as
evidenced by the SEM images and the enhanced mechanical strength.
This, in turn, will reduce the diffusion of water molecules through the
films similarly to what was observed by other authors for starch films
reinforced with BNC nanofibers (Martins et al., 2009; Wan et al., 2009).
From the results, it is also notorious that the GA had also a significant
effect on the reduction of moisture absorption by the TPS-BNC-GA
nanocomposites. This may be ascribed to the more hydrophobic na-
ture of GA due to the aromatic ring (non-polar) in its structure (Gal-
anakis et al., 2013), that will decrease the affinity of nanocomposites
films for water molecules (Jaramillo et al., 2016). Hence, these results
evidence the importance of adding, not only BNC nanofibers as rein-
forcement, but also GA to the plasticized starch matrix, to obtain
nanocomposites with ameliorated resistance to ambient humidity.

3.5.2. Water solubility

Water solubility is another relevant characteristic that may give an
indication about the water resistance properties of the developed
nanocomposite films. Therefore, all the obtained TPS-based nano-
composites were tested for their solubility after 24 h of immersion in
water. According to the results presented in Fig. 7B, the TPS film showed
a solubility of 28.2 + 7.1%, attributed to the dissolution of starch
macromolecular fractions and glycerol, which agrees with values re-
ported in literature for TPS films (Hu et al., 2009). In nanocomposites
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only with BNG, the solubility is similar to that of neat TPS, with values of
29.1 + 1.7% for TPS-BNC1, 31.3 + 1.3% for TPS-BNC5 and 26.7 + 1.3%
for TPS-BNC10, indicating that it will be the same fraction of starch and
glycerol that is being dissolved. On the other hand, in the nano-
composite films incorporating GA and the two highest content of BNC
nanofibers (5 and 10% w/w), it was observed a significant reduction in
the solubility values, namely, to 21.6 + 1.6% and 21.2 + 2.5% for
TPS-BNC5-GA1 and TPS-BNC5-GAL.5, respectively and 19.4 +.1.2% for
TPS-BNC10-GAl and 18.0 + 2.1% for TPS-BNC10-GA1.5. These find-
ings are in line with the ones obtained in the moisture absorption assay
and reinforce the importance of GA for improving the water resistance of
nanocomposite films. As in moisture absorption, this effect is possibly
associated with the non-polar aromatic ring of GA. In this way, the af-
finity of TPS matrix for water will be reduced and consequently its
dissolution. These findings follow the same trend of reduction than those
observed for starch-chitosan films loaded with green tea extract (Man-
gmee & Homthawornchoo, 2016).

Fig. 7C displays the visual appearance of the films before and after
24 h of immersion in water, showing that there was an alteration in the
aspect of the TPS film immediately after immersion in water, whereas in
the nanocomposites, the appearance is quite maintained even in the
films with only 1% w/w of BNC nanofibers, suggesting the importance of
this reinforcement for the cohesiveness of the films.

3.6. Optical properties

In packaging applications, transparency and UV-barrier properties
can be especially relevant. Transparency is important for a good visu-
alization of the products which can, in turn, interfere with consumers
acceptance (Othman et al., 2019). A high barrier to UV radiation is also
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Fig. 7. (A) Moisture absorption at room temperature and 75% RH after 2 h, 6 h, 24 h and 72 h; and (B) Solubility in water of the TPS, TPS-BNC and of the TPS-BNC-
GA nanocomposite films. The values are the mean of at least three replicates and the error bars correspond to standard deviations. In moisture absorption, for each
time point, * denotes statistical differences (p < 0.05) against TPS film and in solubility, means with different letters indicate a significant difference (p < 0.05); (C)
photographs of TPS films and of TPS-based nanocomposites whose solubility in water was significantly different from TPS.

desirable since it can prevent photodegradation of packed products,
induced by photochemical reactions (Verduin, 2020). Hence, to have an
insight about the optical properties of the prepared composite films, the
transmittance spectrum in the UV-vis regions was acquired (Fig. 8A)
and the opacity value was determined (Fig. 8B) for each film.

The transmittance spectra show that all TPS-based films are optically
transparent with a transmittance varying between 77 and 89% in the
visible region (400-800 nm), which concurs with their macroscopic
appearance (Fig. 1). Despite the high values of transmittance, a small
decrease in the transmittance of films with the increase in BNC nano-
fibers content was observed. But, even for the nanocomposites loaded
with 10% w/w BNC nanofibers, the reduction in transmittance was only
of about 10% compared with TPS, which still allows to easily see
through them (Fig. 1). The effect of the BNC nanofibers on the trans-
mittance of films was already observed in other biopolymeric films,
based on chitosan (Fernandes et al., 2009), agar (Wang et al., 2018) or
starch-chitosan (Abral et al., 2021). This reduction in transmittance is
related to a higher quantity of light reflected and scattered in films with
the increased nanofibers loadings (Abral et al., 2021).

The opacity of films was determined to evaluate the transparency of
each film, considering that high opacity indicates low transparency
(Wang et al., 2018). The opacity results (Fig. 8B) concur with the ones of
transmittance, confirming that the transparency of films is reduced as
the content of BNC nanofibers increases. While the neat TPS film showed
an opacity value of 2.18 mm™?, the nanocomposite films, have values
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varying between 2.24 mm~" (TPS-BNC1) and 4.69 mm ™ (TPS-BNC10),
with the films with 10% w/w of BNC nanofibers being the only ones with
a significantly different opacity from the others (Fig. 8B). On the other
hand, the incorporation of GA does not seem to have a considerable
influence in the opacity of the films since, although slight variations are
noted, these are not statistically significant. Zhao and Saldana (2019)
found that GA slight increase the transparency of starch films, but here
this effect, especially in the nanocomposites with the higher content in
BNC, may be masked by the presence of the nanofibers, resulting in less
transparent films. However, the opacity values of the films with BNC
contents below 10% w/w are in good agreement with the ones obtained
for other biopolymeric-based films, such as for pectin films with 2.5%
w/w of CNFs (2.40 & 0.73 mm™Y) (Souza et al., 2022) or modified
peanut protein films with 0.5-2% thymol (2.76-3.44 mm ') (Zhong
et al, 2017). And, in the nanocomposites TPS-BNC10 and
TPS-BNC10-GA, despite the increase in opacity, the values are lower
than the ones attained for starch/CNFs films incorporated with thymol
(Othman et al., 2021) or agar films with 10% of BNC (X. Wang et al.,
2018). Moreover, it should also be emphasized that the opacity values
here obtained are similar to the opacity of LDPE (3.05 mm™Y), which is
classified as a transparent plastic and is widely applied in flexible
packaging (Shiku et al., 2003).

Regarding the transmittance of the films in the UV-region, the
spectra revealed that, while the TPS and TPS-BNC films displayed
transmittance values between 48 and 87%, the GA-loaded counterparts



T. Almeida et al.

A
100
o e
= -
S -—-TPs
g 60 - -=-TPS-BNC1
5 —TPS-BNC1-GA1
= ——TPS-BNC1-GA1.5
£ 40 ---TPS-BNC5
s TPS-BNC5-GA1
F —TPS-BNC5-GA1.5
20 1 —--TPS-BNC10
—TPS-BNC10-GA1
o ——TPS-BNC10-GAL5
200 300 400 500 600 700 800
Wavelength (nm)
B
TPS-BNC10-GA1.5
TPS-BNC10-GA1
TPS-BNC10
TPS-BNC5-GA1.5
TPS-BNC5-GA1
TPS-BNC5
TPS-BNC1-GA1.5
TPS-BNC1-GA1
TPS-BNC1
TPS
0.0 1.0 2.0 3.0 4.0 5.0

Opacity (mm)

Fig. 8. (A) UV-vis transmission spectra and (B) opacity (Aggo/mm) of the TPS
film and of the TPS-based nanocomposite films with different contents of BNC
and with different contents of BNC and GA. Means with different letters indicate
a significant difference (p < 0.05).

have considerably lower transmittances with values between 0 and 60%
in the range of 200-315 nm, indicating that these films have UV-barrier
properties, in particular, in the UV-C (200-280 nm) and UV-B (280-315
nm) regions. The decrease in transmittance is related to the strong ab-
sorption of gallic acid in the UV-region due to the electronic transitions
in the aromatic ring (Guo et al., 2021; Limpisophon & Schleining, 2017).
Similar UV-blocking properties were observed in starch films loaded
with tea polyphenols (Miao et al., 2021) or curcumin (Liu et al., 2022).
As mentioned above, UV-radiation can catalyze various chemical re-
actions that, with a long-term exposure, can lead to organoleptic (e.g.,
color, flavor) changes, as well as lipid oxidation of oxidation-sensitive
substances which in turn can also lead to organoleptic alterations
(Verduin, 2020). Therefore, the incorporation of GA in the TPS-BNC
nanocomposite films opens the possibility of using these active films
as UV-absorbent materials with the ability to prevent light-degradation
of light-sensitive food (e.g., nuts, fruits, vegetables) that may be more
attractive for the consumer if packaged with transparent materials.

3.7. Antioxidant activity

The deterioration of susceptible products to oxidative degradation,
like fat-containing food, can be reduced by the incorporation of anti-
oxidants into the packaging materials (Carvalho et al., 2021; Laguerre
et al., 2007; Vilela et al., 2018). The incorporation of antioxidants into
the packaging material (viz. active packaging) is growing and is now
seen as a viable and attractive alternative when compared to the direct
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Fig. 9. Antioxidant activity of the TPS film and of the TPS-based nano-
composite films with different contents of BNC and of GA. Results are expressed
as means of three independent assays and the error bars correspond to standard
deviations; nd — not detected.

addition of antioxidants to the packed products, since it allows to
circumvent problems related to organoleptic alterations (Carvalho et al.,
2021). As abovementioned, GA is a natural compound that has
demonstrated a potent antioxidant activity, owing to the multiple hy-
droxyl groups present in its molecular structure (Jing et al., 2012).
Hence, the antioxidant activity of the prepared films was evaluated by
the DPPH radical scavenging assay. The results presented in Fig. 9 show
that, as predicted, in films without GA (TPS and TPS-BNC) no antioxi-
dant activity was observed. On the contrary, all TPS-BNC-GA films,
regardless of the GA concentration, exhibited a DPPH scavenging ac-
tivity of around 85%, confirming that this compound has conferred
antioxidant capacity to the TPS matrix, similar to what was previously
reported for films of gelatin (Limpisophon & Schleining, 2017) or chi-
tosan (Kaczmarek-Szczepanska et al., 2022). These findings confirmed
the potential of the TPS-BNC-GA films as active packaging material for
products susceptible to oxidative degradation.

3.8. Oxygen permeability

The oxygen permeability rate is considered one of the most relevant
properties in the development of a packaging material. Oxygen is
responsible for causing lipid oxidation, vitamin degradation and by
facilitating the development of aerobic microorganisms, the most
implied microorganisms in food spoilage (Michiels et al., 2017).
Therefore, for certain products in order to maximize their shelf-life and
to guarantee the preservation of their properties and the safety of the
consumer, is essential that the packaging material has a low oxygen
permeability rate. In this sense, the oxygen permeability (OP) coefficient
of the film TPS-BNC10-GA1 as well as of the TPS and TPS-BNC10 films,
as blank references, was determined. The TPS-BNC10-GA1l film was
selected for this evaluation taking into account the characterization
results, namely opacity, mechanical resistance, thermal stability and
water resistance, and antioxidant activity, in which, no significant dif-
ferences were detected among the nanocomposites containing GA.
Therefore, as a lower amount of GA is added to this formulation, this was
selected considering a possible scale up in the future. The results
(Table 2) clearly show that, with the addition of BNC nanofibers, the
oxygen permeability rates of the composite films were considerably
reduced (~8 times) compared to the permeability of the pure TPS film.
This effect is probably related to the fact that the BNC nanofibers, by
having a crystalline nature, represent a dispersed phase in the starch
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Table 2
Oxygen permeability coefficient (OP) of the TPS, TPS-BNC10 and TPS-BNC10-
GA1 nanocomposite films.

Film Oxygen Permeability Coefficient (cm® pm m=2 d~! kPa™)
TPS 8.00 £ 3.00
TPS-BNC10 1.00 + 0.00
TPS-BNC10-GA1 0.91 +£0.12

matrix, thus creating a tortuous path, which hinders the diffusion of
oxygen molecules and reduces their passage per unit of time (Lagaron
et al., 2004). A similar effect was described for cassava starch films
reinforced with 3% w/w of microcrystalline cellulose (Othman et al.,
2019) and for TPS films with 0.4% w/w of cellulose nanofibers (Fazeli
et al., 2018). The addition of GA also had a positive effect on reducing
the permeability of the films to oxygen, possibly due to the establish-
ment of interactions with TPS and BNC that hinders the diffusion of gas
molecules (Singh et al., 2022). It should be noted that the oxygen
permeability coefficient of the TPS-BNC10-GAl nanocomposite film
(0.91 cm® pm m2d!kpaDis considerably lower than the values
described for synthetic polymers used in flexible packaging, such as
LDPE (2.74-3.60 cm® pm m2 d! kPa ) (Mangaraj, Goswami, &
Mahajan, 2009), meaning that the TPS-BNC10-GA1 nanocomposite has
a better performance in what concerns the oxygen barrier and that it is
comparable to values reported for the EVOH (0.08-0.31 em® pm m 2
d~! kPa~! 23 °C, 65% RH) another synthetic polymer widely used (Maes
et al., 2018). This indicates thereby that, for the nanocomposite
TPS-BNC10-GA1, a good oxygen barrier was achieved and kept at both
technically and commercially appropriate levels for the intended
application.

3.9. Invitro antibacterial activity

Food products (e.g., meat, smoked fish, vegetables) are susceptible to
microbial contamination by spoilage microorganisms and/or patho-
genic microorganisms, that can cause their deterioration and compro-
mise thereby the consumer safety (Vilela et al., 2018; Yildirim et al.,
2018). In this field, the incorporation of antimicrobial agents in the
packaging material has been explored as a successful strategy to pre-
serve the quality and extend the shelf-life of products (Kamarudin et al.,
2022). Therefore, herein the antibacterial activity of the developed
TPS-based nanocomposites enriched with GA was assessed against the
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Fig. 10. Antibacterial activity of TPS, TPS-BNC10 and TPS-BNC10-GA1l nano-
composite films towards S. aureus MRSA DSM 25693 after 24 h and 48 h. Re-
sults are expressed as means of three independent assays and error bars
correspond to standard deviations. Means with different letters indicate a sig-
nificant difference (p < 0.05).
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Gram-positive S. aureus, which is one of the major pathogenic bacteria
responsible for food spoilage, frequently involved in food-borne illness
(Paiva et al., 2021). As aforementioned, based on the overall results of
characterization and, in particular, those of antioxidant activity, only
the TPS-BNC10-GA1 film and the TPS and the TPS-BNC10 films (as
blank references) were evaluated in this assay.

The results depicted in Fig. 10 confirmed that after 48 h, the films
without GA (TPS and TPS-BNC10) did not cause any reduction in the
initial bacterial concentration, having indeed an identical profile to the
one observed for the bacterial control (CTRL). This concurs with results
obtained by other authors for TPS films and TPS films with BNC
regarding the antibacterial activity against S. aureus (Abral et al., 2021;
Lopez et al, 2020). On the contrary, the film enriched with GA
(TPS-BNC10-GA1) lead to a significant decrease in the initial bacterial
concentration of ~1.6-log;o CFU mL ™ after 24 h and of ~4.5-log1¢ CFU
mL~! after 48 h, thus indicating that, the film has a bactericidal effect
against the S. aureus, since a reduction superior to 3-log;q CFU mL ™}, in
the initial inoculum, was attained after 48 h (Glueck et al., 2017). The
mechanism of action of GA is reported to be associated with the
hyper-acidification of cytoplasm due to the diffusion of GA through cell
membrane. This intracellular acidification can alter the potential of cell
membrane and turn it more permeable, causing thereby irreversible
changes that lead to cell death (Borges et al., 2013). The antibacterial
activity against S. aureus of GA was already verified when incorporated
in blends of konjac glucomannan and gellan gum (Du et al., 2019) or
chitosan and poly(vinyl alcohol) (Yoon et al., 2017). However, this is the
first time that this effect of GA is described in association with TPS-BNC
nanocomposite.

Thus, these results have proved that the developed nanocomposites
have antibacterial activity, which emphasizes their potential to be
applied in active food packaging.

3.10. Films performance on preserving fresh-cut apple

Considering the results obtained so far, particularly, for the antiox-
idant activity and oxygen permeability of the nanocomposite films, the
performance of the TPS-BNC10-GAl film, as well as of the TPS, TPS-
BNC10 and commercial LDPE for comparison, when applied in the
packaging of a real food matrix was evaluated. In this regard, minimally
processed fresh-cut apple samples, known to be rich in polyphenols and
highly susceptible to oxidation (Shrestha et al., 2020), were packaged,
stored for 7 days at +4 + 1 °C and evaluated over time for several pa-
rameters (BI, weight loss, and pH) associated with fruit quality and
acceptance of consumers (Jancikova et al., 2021; Jiang et al., 2021).

The BI of packaged fresh-cut apple are depicted in Fig. 11A. Before
storage, apples samples had a BI of 31.6 + 0.9. But, after 7 days of
storage at 4 + 1 °C, the BI of all fresh-cut apple samples increased.
However, it is notorious that the TPS-BNC10-GA1 nanocomposite film
had a positive effect in delaying the browning of the packaged fresh-cut
apples, that showed a BI value of 52.2 + 1.0, while apples packaged with
the LDPE commercial film exhibited a BI of 95.5 + 1.8. If compared with
TPS (63.0 + 1.5) and TPS-BNC10 (60.6 + 1.1), eventhough the differ-
ence is not so pronounced, the value is still considerably lower (p <
0.05). This result agrees with the visual appearance (Fig. 11B) of the
packaged fresh-cut apples after 7 days of storage. One cause of fruit
browning is the enzymatic browning, resulting from the oxidation re-
action of polyphenols catalysed by the polyphenol oxidase (PPO), pro-
ducing o-quinones that are then polymerized with other quinones and
amines to generate brown pigments (Shrestha et al., 2020). Thus, since
antioxidants are described as chemical inhibitors of PPO activity (Moon
et al.,, 2020), the antioxidant capability of the TPS-BNC10-GA1 film,
imparted by the presence of GA, is probably one of the main factors
contributing to reduce the browning of fresh-cut apple. A similar effect
was also observed by other authors when fresh-cut apples were pack-
aged with chitosan/guar film containing an antioxidant walnut green
husk extract (Jiang et al., 2022). Moreover, the superior oxygen barrier
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Fig. 11. (A) Digital photographs of the packaged fruits with the different films at day 0 (B) BI and (C) physical appearance of fresh-cut apples before and after storage
at +4 °C for 3 and 7 days with no film or packaged with different films (LDPE commercial film, TPS, TPS-BNC10 and TPS-BNC10-GA1).
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property of TPS-BNC10-GA1 film compared with the other tested films,
including LDPE, further reduce the oxygen that enters inside the pack-
aging, which is necessary to initiate the conversion of phenols into
quinones (Moon et al., 2020), thus contributing to prevent the browning
of fresh-cut apple samples.

With regard to weight loss of fresh-cut apples over storage time
(Fig. 12A), results evidence that through the 7 days, all samples showed
an upward trend of losing weight as previously described by other au-
thors for fresh-cut apples packaged with chitosan/guar film containing
walnut green husk extract (Jiang et al., 2022) or chitosan/gelatin-based
films loaded with tannic acid (Zhang et al., 2021). In the present study,
fresh-cut apples packaged without film (control) showed the highest
weight loss (36.0 + 0.6%) and those packaged with commercial LDPE,
exhibited the lowest weight loss (5.9 + 0.5%) at day 7. At this storage
point, apple samples packaged with the TPS-BNC10-GAL1 film, lost about
24.0 £+ 0.6% of their weight, similarly to the value obtained for fresh-cut
samples in TPS-BNC10 film (24.2 + 0.8). The observed weight loss in all
samples is probably associated with the immediate increase in respira-
tion rate after cutting, with consequent rise in water and nutrient con-
sumption that will in turn cause the weight loss (Guan et al., 2023).

A
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~Commercial LDPE
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Fig. 12. (A) Weight loss percentage (%) and (B) pH evolution of minimally
processed apple samples before and after storage at +4 °C for 3 and 7 days with
no film or packed with different films (LDPE commercial film, TPS, TPS-BNC10
and TPS-BNC10-GA1).
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In Fig. 12B is also shown the evolution of pH of the fresh-cut samples
during storage, revealing that over time. The initial pH of apple samples
was 4.43 + 0.02, and after 7 days at 4 °C, the pH was 4.07 + 0.02. In all
the other samples, a significant decrease (p < 0.05) in pH had also
occurred, with the TPS-BNC10-GA1l nanocomposite film showing the
lowest decrease (pH: 4.33 + 0.01) comparatively (p < 0.05) with the
other tested films (LDPE: 4.13 + 0.03; TPS: 4.15 + 0.02; TPS-BNC10:
4.23 + 0.01), suggesting a better performance of the developed films
in keeping the value of pH from the packaged fruit.

Therefore, the overall results of this evaluation, using a real food
matrix, demonstrate the applicability of the developed nanocomposites
films to preserve minimally processed fresh-cut apple at 4 °C, showing
an especially superior performance in preventing the browning of the
fruit, which is a critical aspect to maintain the quality and consumer
acceptance.

4. Conclusions

Bioactive TPS nanocomposite films, reinforced with different con-
tents of BNC nanofibers and enriched with GA were developed. In terms
of mechanical properties, the reinforcement of the TPS matrix with the
BNC nanofibers and the addition of GA led to an increase in the strength
(YM and TS) of the films and, despite a reduction in elasticity, they
remained flexible and handleable enough for the target application. The
inclusion of BNC nanofibers and GA into the TPS matrix also increased
the resistance of films to both moisture absorption and water solubility,
properties that often limit the application of starch as a packaging ma-
terial. Furthermore, the ensuing films were visually transparent and had
a transmittance in the visible region close to 80% and opacity values
comparable to those of LDPE films. With the addition of GA, films were
also imparted with UV-absorbing properties and with antioxidant ca-
pacity, which are highly valued by the packaging sector. The film with
10% w/w of BNC and 1% w/w of GA was then selected for further
characterization in terms of oxygen permeability barrier and antibac-
terial activity, showing that this formulation exhibited a good oxygen
barrier, comparable to the one of the EVOH, widely applied in flexible
packaging applications. In addition, results also showed that GA has
conveyed the film with antibacterial activity against the Gram-positive
S. aureus bacteria, being the first time that this activity is reported for
TPS-BNC composites, which reinforces the novelty of this work. The
potential of the film with 10% w/w of BNC and 1% w/w of GA was
additionally assessed by testing it in the packaging of fresh-cut apple
stored at 4 °C for 7 days, showing that this nanocomposite film has a
superior performance with respect to delaying the browning and weight
loss of fresh-cut apple when compared with commercial LDPE, TPS and
TPS-BNCI10 films. In light of the obtained results, it is suggested that the
developed TPS-BNC-GA nanocomposite films, combining these two hy-
drocolloid biopolymers with GA, are good candidates to be explored as
innovative flexible, sustainable and eco-friendly active packaging
materials.
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