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This work aimed to evaluate the potential of chitosan/cellulose nanocrystals (CNC) films to be used as active pads
for meat packages to prolong its shelf-life and preserve its properties over time. Several CNC concentrations (5,
10, 25, and 50 wt%) were tested and the films were produced by solvent casting. The developed samples were
characterized by ATR-FTIR, TGA, FESEM, and XRD. The transparency, antimicrobial, barrier and mechanical prop-
erties were also assessed. Finally, the films' ability to prolong food shelf-life was studied in real conditions using
chicken meat.

lgﬁmg;ﬁs' CNC incorporation improved the thermal stability and the oxygen barrier while the water vapor permeability

Cellulose nanocrystals (CNC) was maintained. An enhancement of mechanical properties was also observed by the increase in tensile strength

Antibacterial and Young's modulus in chitosan/CNC films. These films demonstrated bactericidal effect against Gram-positive

Antifungal and Gram-negative bacteria and fungicidal activity against Candida albicans. Lastly, chitosan-based films de-

;:\Cti(;’e ﬁ?ﬂgﬂd@ging creased the growth of Pseudomonas and Enterobacteriaceae bacteria in meat during the first days of storage com-
0ood shell-lire

pared to commercial membranes, while chitosan/CNC films reduced the total volatile basic nitrogen (TVB-N),
indicating their efficiency in retarding meat's spoilage under refrigeration conditions.
This work highlights the great potential of natural-based films to act as green alternatives for food preservation.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, one of the main challenges in the food industry is the
development of new environmentally friendly active food packages
able to prolong the food shelf-life, while ensuring its quality and
safety [1]. The growing consumer demand for fresh, safe and healthy
food products without containing synthetic additives or preserva-
tives increases the need to explore novel, effective and innovative
food preservation technologies able to prolong its shelf-life, which
makes the food packaging sector an emergent trend area with a
great business potential [2]. Parallelly, with the increase of
environmental awareness, the search for green alternatives able to
minimize the negative ecological impact of conventional materials
extracted from nonrenewable resources is increasing tremendously.
Consequently, biodegradable polymers arise as a promising option to
replace the petroleum-based polymers due to their easy decomposi-
tion under suitable environmental conditions [3,4]. Furthermore, the
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use of biodegradable polymers will contribute to the reduction of
packaging waste, derived from the extensive use of synthetic and
non-biodegradable polymers, which has become a significant part
of the total waste [4,5].

Over the last few years, chitosan has emerged as an attractive mate-
rial for several applications due to its excellent characteristics. Chitosan
is a polysaccharide derived from the deacetylation of chitin, which can
be obtained from marine waste sources, namely from crustaceans’
shells (shrimp, oysters, crabs, and lobsters). Besides its natural origin,
this polymer presents several other interesting properties, such as bio-
degradability, non-toxicity, biocompatibility, low-cost, and excellent
film-forming capacity [6-9]. The obtention of chitosan from marine
wastes allows the valorization of seafood waste to the manufacture of
value-added products, in line with the concept of circular economy
[10,11].

In the food packaging industry, minimizing the microorganisms' de-
velopment and spread is crucial to prevent food deterioration, ensuring
its safety. In fact, chitosan displays intrinsic antimicrobial activity
against a wide range of bacteria and fungi due to its polycationic nature.
It also exhibits antioxidant, anti-inflammatory, and anticancer activities,
demonstrating the great applicability of this biopolymer not only for
food protection and packaging but also for other fields, like biomedicine
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and agriculture [3,12-15]. Nevertheless, natural-based polymers pres-
ent some limitations, such as poor mechanical and barrier properties,
which can negatively affect the food shelf-life parameters and limit
the use of this polymer on a large-scale. Several approaches can be
adopted to overcome these drawbacks, including the combination of
chitosan with nanofillers [16,17].

In recent years, cellulose nanocrystals (CNC) have arisen as an in-
novative nanomaterial to act as a reinforcing agent. CNC are com-
monly obtained by acid hydrolysis of cellulose, the most abundant
natural polymer, where the amorphous regions are removed while
the crystalline ones are maintained. Due to their outstanding
characteristics, such as nanometric size, large surface area, high
strength, non-toxicity, high crystallinity, and biodegradability,
these nanocrystals are attracting growing interest from the scientific
community [18-20]. The CNC incorporation into biopolymeric ma-
trices allows the production of high-performance materials, without
impairing their biodegradability while enhancing their mechanical
resistance and barrier properties [19-23]. Despite some studies
reporting the combination of chitosan with CNC for food packaging
applications [18,19,23-26], to the best of authors' knowledge, there
is still to address the impact of this system on food shelf-life through
the quantification of total volatile basic nitrogen (TVB-N), which
represents a food freshness indicator, using a real food system
under refrigerated conditions.

Therefore, the aim of this research work was to evaluate the poten-
tial of an active natural-based and biodegradable pad containing chito-
san and CNC to replace the passive pads already existent on the
common meat packages. Several CNC concentrations were incorporated
into chitosan solutions and the films were produced by the solvent cast-
ing technique. All the developed samples were characterized by Atten-
uated Total Reflectance-Fourier Transform Infrared Spectroscopy
(ATR-FTIR), Thermogravimetric analysis (TGA), Field Emission Scanning
Electron Microscopy (FESEM), and X-Ray Diffraction (XRD). The func-
tional properties were also evaluated, including the transparency, the
antibacterial and antifungal activities, the water vapor and oxygen per-
meabilities and the mechanical properties. Finally, the ability of the
samples to delay food spoilage, and consequently, to increase its shelf-
life, under refrigeration storage conditions was performed using a real
food model system through the evaluation of exudate absorption capac-
ity of the films, the detection and enumeration of different bacteria and
TVB-N quantification in chicken meat.

2. Materials and methods
2.1. Materials

Chitosan powder with a molecular weight of 100,000-300,000 g/
mol was supplied by ACROS Organics. CNC powder was purchased
from CelluForce (spray-dried powder form, cellulose nanocrystals
with diameters ~75 nm, polydispersity index (PDI) = 0.181, CelluForce
NCC®). Glacial acetic acid 99-100% a.r. and glycerol 99% were obtained
from NORMAX and Scharlau, respectively.

2.2. Chitosan/CNC films preparation

Firstly, 2% (w/v) of chitosan solution was prepared by dissolving chi-
tosan powder in an aqueous solution of 1% (v/v) of acetic acid under vig-
orous stirring for 1 h. After that, several CNC concentrations were
incorporated (5, 10, 25, and 50 wt% in relation to chitosan weight).
These solutions were left under constant stirring for 24 h and homoge-
nized. Subsequently, 1% (w/v) of glycerol was added and the solutions
were sonicated in an ultrasonic bath for 1 h. Finally, the solutions
were cast on Petri dishes and also in special molds designed for the
proper application as pads for meat packages. After casting, the films
were dried at 35 °C for 48 h.
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2.3. Samples characterization

2.3.1. Attenuated total reflectance-fourier transform infrared spectroscopy
(ATR-FTIR)

ATR-FTIR analysis was carried out in an IRAffinity-1S, SHIMADZU
equipment (Kyoto, Japan). For each sample, a total of 45 scans with a
resolution of 4 cm™! was obtained in transmittance mode using a dia-
mond ATR crystal cell. The measurements were recorded in the range
of 400 and 4000 cm ™.

2.3.2. Thermogravimetric analysis (TGA)

TGA analysis was performed in an STA 700 SCANSCI. The samples
were heated from 30 °C to 600 °C with a heating rate of 10 °C/min
under nitrogen atmosphere.

2.3.3. Field emission scanning electron microscopy (FESEM)

The surface and cross-section morphology of the films were visual-
ized by FESEM using a NOVA 200 Nano SEM from FEI Company (Hills-
boro, OR, USA). Before the experiment, the samples were coated with
a very thin film (20 nm) of Gold (Au)-Palladium (Pd), using a high-
resolution sputter coater, 208 HR Cressington Company (Watford,
UK), coupled to an MTM-20 Cressington High-Resolution Thickness
Controller. Secondary electron images, i.e., topographic images, were
obtained at an acceleration voltage of 5 kV.

2.34. X-ray diffraction (XRD)

The XRD analysis was carried out in a Bruker D8 Discover diffractom-
eter, using Cu-Kp; radiation at a voltage of 40 kV and a current of 40 mA.
Data were collected for 26 values ranging from 5° to 45°.

2.4. Functional properties evaluation

2.4.1. Thickness and transparency

The samples' thickness was measured using a digital caliper. Five dif-
ferent randomly positions of each film were recorded and the average
thickness was determined. The transparency values of the films were
determined by measuring the samples' light transmittance at 600 nm,
using a Spectrophotometer UV-2600 (Schimadzu) with the ISR 2600
Plus detector, and calculated according to the eq. 1 [27].
TV = — logTeoo/x (1)
where TV is the transparency value, Tgq is the fractional transmittance
at 600 nm and x is the film thickness (mm).

2.4.2. Antimicrobial activity

Antimicrobial activity was assessed using the immersion method.
The microorganisms assayed were the Gram-positive bacteria Staphylo-
coccus aureus (ATCC 6538), the Gram-negative bacteria Escherichia coli
(ATCC 434), and the yeast Candida albicans SC5314. Briefly, inocula of
E. coli and S. aureus were prepared in 20.0 £+ 0.1 mL of TSB (Tryptic
Soy Broth, Merck) and an inoculum of C. albicans was prepared in
20.0 4+ 0.1 mL of SDB (Sabouraud dextrose broth, Merck) and incubated
for a period of 18 to 24 h at 37 4 1 °C under agitation (120 rpm). Then,
microbial concentrations were adjusted to 3 x 10® cells/mL via absor-
bance readings and based on a corresponding calibration curve. An ali-
quot of each suspension (400 pL) was added to 20 mL of TSB for E. coli
and S. aureus and to 20 mL of SDB for C. albicans, and incubated for
3.0 hat 37 £+ 1 °C. The microbial concentration was again measured
and 3 x 10° cells/mL were obtained using a 20-fold dilution of the re-
spective medium (in distilled water). Two milliliters of this inoculum
was then added to each sample in conical tubes. Samples were incu-
bated for 24 h at 37 4 1 °C, under agitation (120 rpm). After this period,
the tubes were subjected to vigorous agitation, samples were collected
and the number of CFU determined by plating serial dilutions. All assays
were performed in triplicate and repeated in three independent assays.
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The value of antimicrobial activity was calculated according to Eq. (2),
where R - Value of antimicrobial activity, I - Mean number of viable
cells of bacteria in the inoculum after 24 h and T - Mean number of vi-
able bacteria cells in the antimicrobial test piece after 24 h.

R = [log(I/T)] (2)

2.4.3. Barrier properties

Oxygen permeability (O,P) was carried out according to the ISO
15105-2:2003 Standard test, following the methodology reported by
Fernandes et al. [28]. Briefly, the films were sealed between two vertical
chambers, having each one-two channels (for the input and output of
gasses). The top chamber was supplied with a controlled oxygen flow
rate of 25 mL/min in order to keep a constant pressure in that compart-
ment. The bottom chamber was purged with nitrogen, at a controlled
flux rate of 5 mL/min, acting as the carrier gas for the oxygen. The mea-
surements of oxygen concentration were carried out by collecting
500 pL of the sample from the nitrogen flow leaving the bottom cham-
ber flow with a suitable syringe for gas chromatography (Hamilton,
Switzerland). Subsequently, the sample gas was injected into a gas
chromatograph (Bruker Scion 456, Canada), equipped with a thermal
conductivity detector (TCD) at 130 °C, a Molsieve column, and argon
(30 mL/min) as the carrier gas. A mixture containing 10% CO,, 20% O,
and 70% N, was used as the standard sample for calibration. The pres-
sure in the cells was measured to ensure that 1 atm pressure exerted
in both chambers. As the oxygen was carried continuously by the nitro-
gen flow, it was considered that O, partial pressure in the lower com-
partment is null, therefore AP is equal to 1 atm. The O,P was
determined by using eq. (3), where F is the registered flux at the output
channel of the below chamber (mL/min), O, represents the measured
oxygen transmission rate through the film (%), E is the mean sample
thickness (m), A represents the film area (m?), and P is the atmospheric
pressure at room temperature (Pa). The O,P was expressed as m>/s m Pa
and three replicates were obtained for each film.
POy = Fx 0y x E/AxP (3)

Water vapor permeability (WVP) was performed gravimetrically ac-
cording to ASTM E96-95 Standard test methods as described by
Ballesteros et al. [29]. The films were sealed on the top of permeation
cells containing 60 mL of distilled water (100% relative humidity (RH)
and vapor pressure at 20 °C), and then, placed into a desiccator with sil-
ica gel (0% RH and water vapor pressure at 20 °C). The cells were
weighted at 2 h intervals for monitoring the weight loss during 10 h.
Steady-state and uniform water pressure conditions were assumed by
keeping the air circulation constant outside the test cell by using a fan
inside the desiccator. WVP was determined by using the Eq. (4),
where WVTR is the measured water vapor transmission rate through
a sample, calculated by dividing the slope of the linear regression of

A
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weight loss versus time by the film area (g/ s m), L is the mean sample
thickness (m), and AP is the partial water vapor pressure difference
(Pa) across the two sides of the sample. WVP was expressed as g/ m s
Pa and three replicates were made for each film.

WVP = WVTR.L/AP (4)

2.4.4. Mechanical properties

To evaluate the effect of CNC incorporation into the chitosan films,
tensile tests were performed. These tests were made using a Hounsfield
Tinius Olsen, model H100KPS equipment with a load cell of 250 N. The
samples were cut in strips with 10 mm of width and 90 mm of length,
accordingly with Ferreira et al. [30]. The initial grip separation was set
at 50 mm and the crosshead speed at 30 mm/min. The tensile strength,
elongation at break and Young's modulus were calculated from the
stress-strain curves. Five replicates of each sample were tested.

2.5. Shelf-life tests

2.5.1. Sample preparation and storage

In order to evaluate the potential of the films to act as absorbent and
active membranes/pads for food packaging, shelf-life tests were per-
formed using chicken meat. In this case, the chitosan-based films
(Fig. 1A) were used to replace the commercial absorbent and passive
membranes commonly found in meat trays, as can be observed in
Fig. 1B.

Commercial membranes were also utilized in this study to compare
its performance with the developed samples. Briefly, fresh chicken
breasts were purchased in a local butcher and transported under refrig-
eration conditions to the laboratory on the same day of packaging. In
each tray, 200 g of chicken breast were placed on the samples. The
trays were closed in standard atmospheric conditions (aerobic condi-
tions) at 4 °C for 14 days.

2.5.2. Exudate absorption capacity

The exudate absorption capacity of chitosan, chitosan/CNC films and
commercial membranes was tested by a methodology based on Edana
recommended test. Discs of samples (7 cm of diameter) were weighted,
immersed for 2 min in 0.9% NaCl solution (pH = 5), submitted to 80 g of
pressure and weighted again. The result was given in percentage rela-
tive to the initial mass.

2.5.3. Microbiological analysis

Microbiological analysis was performed using standard methods
(International Organization for Standardization and Portuguese stan-
dards). The following microbiological parameters were considered:
enumeration of Enterobacteriaceae — 1SO 21528-2:2017, enumeration
of Pseudomonas spp. - ISO 13720:2010, enumeration of Listeria
monocytogenes — ISO 11290-2:2017, enumeration of Campylobacter

B

\.l\

Fig. 1. Meat trays covered with the developed films (A) and the commercial membranes (B).
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spp. - ISO 10272-2:2017, detection of Campylobacter spp. based in the
ISO 10272-1:2017. Initial suspension of the samples (25 g) were
enriched in 225 mL of selective Bolton broth with 5% sterile lyzed
horse blood and incubated for 18 h at 42 °C in microaerophilic atmo-
sphere. The presence of Salmonella spp. was performed according to
Vidas Biomérieux method, with the positive results confirmed following
the ISO 6579-1:2017. Sample of 25 g was taken aseptically from each
packaging of poultry meat, transferred aseptically to a stomacher bag
containing 225 mL of sterile buffered peptone water and homogenized
using a stomacher for 30 s at room temperature. Appropriate decimal
dilutions were prepared in sterile Ringer's solution for the microbial
enumeration parameters.

2.5.4. Chemical analysis

The TVB-N content, which is an indicator of meat's freshness, was
determined by the Conway micro-diffusion method according to the
standard NP-1848:1987. In this way, 50 g of meat sample was homoge-
nized for 2 min with 100 mL of trichloroacetic acid 0.5% (w/v) solution,
and 1 mL of this filtrate was used. The volatile bases were released from
the filtrate, by alkalization with sodium carbonate during 90 min at
40 °Cin an oven, collected in a boric acid 1% (w/v) solution, and titrated
with hydrochloric acid (HCI) 0.1 mol/L standard solution. The TVB-N
content was evaluated at different storage days (0, 2, 5, 7, 9, and
14 day). The results were expressed as mg N/100 g chicken meat.

2.6. Statistical analysis

Statistical analysis was performed using a GraphPad Prism (version
6.0). One-way analysis of variance (ANOVA) and Tukey's multiple com-
parison tests were performed to evaluate the significant differences be-
tween the samples. Data are presented by mean 4 standard deviation
(SD). Statistical significance was considered if p < 0.05.

3. Results and discussion
3.1. Samples characterization

3.1.1. Chemical analysis

ATR-FTIR analysis was performed to evaluate the structural interac-
tion between chitosan and CNC. Fig. 2 shows the spectra of CNC powder,
chitosan films and chitosan containing different CNC amounts.

The ATR-FTIR spectrum of CNC powder showed several CNC typical
bands, namely the bands located in the region of 3200-3400 cm ™!

Chitosan +
50wt%CNC

Chitosan +
25wt%CNC

Chitosan +
10wt%CNC

Chitosan +
Swt%CNC

Chitosan film

Transmittance (a.u.)

CNC powder 1557

- 2901

1369 : 11315 |
=t
1500

1053
T T
1000

T T T T T
4000 3500 3000 2500 2000 500

Wavenumber (cm™)

Fig. 2. ATR-FTIR spectra of CNC powder and chitosan films incorporated with different CNC
concentrations (0, 5, 10, 25 and 50 wt%).
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and the one at 2901 cm ™!, which correspond to stretching vibrations
of the O—H groups of cellulose and the C—H stretching, respectively
[31-34]. The band at 1645 cm™ ! is attributed to O—H bending of the
adsorbed water, the band at 1429 cm ™! is from symmetric bending of
CH, and the band at 1369 cm ™! corresponds to CH deformation vibra-
tion [31-33]. Moreover, the bands at 1335 and 1315 cm™ "' arise from
the rocking of OH and the bending vibrations of the C—H and C—O
groups of the rings in polysaccharides, respectively [31,35]. The bands
observed in the range 1030-1161 cm ™! correspond to C—O stretching
and C—H rocking vibrations of the pyranose ring [31]. Finally, the bands
at 897 and 557 cm ™! are from B-glycosidic linkages in cellulose struc-
ture and O—H out of plane bending vibrations, respectively [18,23,35].

Chitosan films spectrum displayed the main characteristic bands of
this biopolymer including a broad band located at 3279 cm™ !, which
corresponds to O—H and N—H stretching vibrations, and a band
around 2960-2870 cm™! that is from symmetric and asymmetric
C—H vibrations [6,13,33]. Moreover, the bands at 1636 and
1557 cm ™! are attributed to (=0 stretching (amide I) and N—H bend-
ing (amide II), respectively [6,33,34,36,37]. Finally, the bands located at
1250, 1152, 1028 and 926 cm ™! correspond to saccharide structure,
where the one at 1250 cm ™! is from C—N stretching, 1152 cm™ ' is
from symmetric stretching of C-O-C bond and 1028 cm™' is from
C—O stretching vibrations [6,33].

Regarding the ATR-FTIR spectra of chitosan/CNC films, it was
possible to observe the appearance of new bands related to CNC,
namely the ones at 1369, 1315, and 1053 cm™ !, as well as the
increase in intensity of several other bands, confirming the success-
fully CNC incorporation into chitosan matrix. These results became
more visible with 10 wt% of CNC and are more pronounced
accordingly with CNC amount. Finally, the band in the region of
3200-3400 cm ™! became sharper and with higher intensity with
the increase of nanofillers concentration, suggesting the formation
of hydrogen bonds between chitosan and CNC molecules, as demon-
strated by several authors [18,38].

3.1.2. Thermal analysis

TGA was performed to evaluate the thermal stability of the samples.
The TG and its first order derivate (DTG) curves obtained are repre-
sented in Fig. 3.

The thermal degradation of CNC powder can be divided into three
main mass loss steps. The first one occurs at 30-103 °C with a weight
loss of around 3%, which corresponds to the evaporation of water mol-
ecules. From 250 °C to 330 °C the major weight loss was observed,
with a maximum degradation peak at 305 °C, which is due to depoly-
merization, dehydration, and decomposition of glycosyl units from cel-
lulose. Finally, the third step around 330-400 °C is probably related to
residues from the CNC extraction process with sulfuric acid [33,39,40].
The degradation profile of chitosan powder exhibited two main mass
loss stages, namely at 30-120 °C and 200-400 °C, which are attributed
to the loss of moisture and the depolymerization of chitosan chains, re-
spectively [33]. The maximum degradation peak of chitosan powder
was detected at 302 °C.

In chitosan films, three major degradation stages can be observed.
The first one was recorded between 30 and 103 °C, which is attributed
to the evaporation of water and residual acetic acid. The second stage
at 103-230 °Cis related to glycerol degradation. Finally, the main degra-
dation stage occured at 230-400 °C, with a weight loss of around 30%,
which corresponds to chitosan decomposition and depolymerization
[13,23,37]. The CNC incorporation led to the appearance of a new peak
in the region around 320/330-400 °C associated with the second loss
stage of CNC, which becomes more pronounced with the increase of
CNC content, confirming the presence of these nanofillers into the poly-
meric matrix [41]. The main peak related to CNC degradation overlap
with the same temperature range of chitosan degradation, as demon-
strated in Fig. 3B. Therefore, only one peak was observed in the region
of 230-320 °C, which is attributed to both chitosan and CNC
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Fig. 3. TG and DTG curves of chitosan and CNC powders (A and B) and chitosan films incorporated with different CNC concentrations (0, 5, 10, 25 and 50 wt%) (C and D).

degradation. Chitosan/CNC films showed slightly higher TG degradation
curves than chitosan films without CNC, mainly until 400 °C (Fig. 3C),
which indicates that the weight loss of chitosan/CNC samples was
lower than control chitosan films [23]. In fact, chitosan films exhibited
a total weight loss of 72% until 400 °C. On the other hand, chitosan
with 50 wt% of CNC films demonstrated smaller weight loss (68%), in

the same temperature range. Hence, these results suggest that chito-
san/CNC films presented overall improved thermal stability [19].

3.1.3. Morphology analysis
In order to evaluate the morphology of the chitosan and chitosan/
CNC films, FESEM analysis was performed. The FESEM images of the

Fig. 4. FESEM images of chitosan films' surface with different CNC wt%: 0 (A), 5 (B), 25 (C) and 50 (D) using magnifications of 20 and 5 um. Zoomed image of nanocrystals onto films surface

(E) at 1 pm. Cross-section images of chitosan (F) and chitosan/CNC (G) films at 100 pm.

245



S.M. Costa, D.P. Ferreira, P. Teixeira et al.

samples' surface and cross-section morphology are shown in Fig. 4 (as
example).

As demonstrated in Fig. 4A and F, the morphology of the surface and
cross-section of chitosan films is very homogeneous and smooth. On the
other hand, the CNC incorporation into chitosan films led to the appear-
ance of a rougher surface and this effect was more pronounced with the
increase of CNC amount. Moreover, the nanocrystals seem to be uni-
formly distributed into the chitosan matrix, without any notable aggre-
gation clusters (Fig. 4E). Fig. 4G also demonstrated that CNC are
embedded throughout the chitosan film, suggesting a strong adhesion
between the nanofillers and the polymeric matrix [18,23,33].

3.1.4. Crystalline structure

The diffractograms of CNC powder, chitosan and some samples of
chitosan/CNC films are presented in Fig. 5.

The XRD pattern of CNC powder revealed the characteristic peaks of
crystalline cellulose I at 26 = 15.1°, 16.5°, 22.5° and a weak peak at
34.4°. These peaks correspond to the (1 1 0), (110), (200) and (0 0
4) crystallographic planes, respectively, which are in agreement with
different studies [19,34,35,40,42]. Chitosan films exhibited four diffrac-
tion peaks at 26 = 8.12°,11.4°,18.0°, and a broad peak around 22.5° due
to its semi-crystalline nature [9,19]. Regarding chitosan/CNC films, both
chitosan and CNC specific peaks were observed, indicating the efficient
incorporation and preservation of CNC crystalline structure into poly-
meric films [18,22]. Moreover, the increase in the intensity of CNC
peaks as well as a decrease in the intensity of chitosan peaks was evi-
dent with the gradual increase of CNC concentration.

3.2. Functional properties evaluation

3.2.1. Thickness and transparency
Transparency represents an important factor for food packaging ap-
plications since influences the consumer's choice. Higher transparency

Chitosan +
50wt%CNC]

i Chitosan +
:25wt%CNC

: Chitosan +
: Swt%CNC

Intensity (a.u.)

Chitosan
film

25
20 ()

Fig. 5. XRD patterns of CNC powder and chitosan films incorporated with different CNC
concentrations (0, 5, 25 and 50 wt%).
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Table 1
Thickness and transparency values of the chitosan films incorporated with different CNC
concentrations (0, 5, 10, 25 and 50 wt%).

Samples Thickness (mm) Transparency values (TV)
Chitosan film 0.082 0.75

Chitosan+5wt%CNC 0.090 0.77
Chitosan+10wt%CNC 0.094 0.79
Chitosan+25wt%CNC 0.094 1.0

Chitosan+50wt%CNC 0.10 1.0

values or higher opacity are associated with lower transparency of the
films. The transparency values were calculated taking into consider-
ation the transmittance at 600 nm, accordingly with eq. 1. The obtained
results for each sample are shown in Table 1.

An increase in the samples' thickness was observed with the in-
crease of CNC concentration. Regarding transparency, control chitosan
films displayed a transparency value of 0.75, which gradually increased
for 0.77,0.79, 1.0 and 1.0, accordingly with CNC amount, indicating that
the incorporation of nanofillers into chitosan promoted a slight decrease
in film's transparency. These results can be attributed to the nanofillers
accumulation in the polymeric matrix, causing light diffusion or lower
light transmittance [18]. Although higher transparency could be prefer-
able since it can directly influence the consumer decision regarding the
product, lower transparency can also be a desirable property because
the film can act as a barrier to light, protecting the food from degrada-
tion [29]. By controlling the CNC amount added to the polymeric formu-
lation, it is possible to obtain films with higher or lower transparency
values according with the desirable application: transparency or light
barrier. Although the transparency decreases, the developed films still
presented enough transparency to see through them.

3.2.2. Antimicrobial activity

Food is highly susceptible to spoilage due to microbial attacks during
production, processing, and storage. In fact, several bacteria and fungi
are responsible for accelerating the food deterioration and may produce
a harmful effect on human health [43]. Therefore, novel natural-based
strategies are needed to avoid the microorganisms' development in
food. To evaluate the potential of the produced films as antimicrobial
materials, the antibacterial effect was evaluated against Gram-positive
(S. aureus) and Gram-negative (E. coli) bacteria as well as the antifungal
activity against C. albicans. The results are presented in Table 2.

Chitosan films without CNC showed a bactericidal effect against both
S. aureus and E. coli, which means that these samples were able to in-
duce bacteria cell death, instead of only inhibit their growth. Regarding
antifungal activity, the chitosan films also presented a fungicidal effect
against C. albicans. The antimicrobial activity of chitosan has been exten-
sively described in the literature, being the main antimicrobial mecha-
nisms proposed: (i) the electrostatic interaction between positive
charges of chitosan with negatively charged microbial cell membranes,
leading to the leakage of intracellular constituents and ultimately cell
death; (ii) the interaction between chitosan with microbial DNA, affect-
ing the mRNA synthesis and, consequently, the synthesis of proteins;
(iii) the chelating properties of chitosan [3,13,15,44,45].

Table 2
Antimicrobial activity of chitosan films incorporated with different CNC concentrations (0,
5,10, 25 and 50 wt%).

Samples Antibacterial activity Antifungal activity
S. aureus E. coli C. albicans
Chitosan film 457 + 0.08 354+ 13 23 4+ 0.27
Chitosan+5wt%CNC 37+ 13 1.89 + 0.9 2.1 + 0.04
Chitosan+10wt%CNC Total Total Total
Chitosan+25wt%CNC Total Total Total
Chitosan+50wt%CNC 29 £ 0.6 Total 228 + 0.1
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Table 3

WVP and O,P of chitosan films incorporated with different CNC concentrations (0, 5, 10,
25 and 50 wt%). Values are expressed as mean = SD. Different letters in the same column
correspond to samples statistically different (p < 0.05).

Samples WVPx 10710 0,Px 10716

(g/m s Pa) (m3/s m Pa)
Chitosan film 46 + 065 7.1 + 0.76°
Chitosan+5wt%CNC 4.1 + 0.45° 2.2 + 0.28"
Chitosan+25wt%CNC 5.3 + 0.54% 1.6 + 0.13°
Chitosan+50wt%CNC 5.6 &+ 0.51° 2.7 + 0.63¢

The bactericidal and the fungicidal effects were maintained after the
incorporation of CNC into chitosan films. However, with the incorpora-
tion of 10 and 25 wt% of CNC, the antimicrobial activity is total, showing
that these samples are completely bactericidal and fungicidal, which
means that they are able to kill all the microorganisms presented in
the test. In these cases, it seems to be a synergistic effect between chito-
san and CNC. Tyagi et al. [46] hypothesize that when a bacterium en-
counters rigid, narrow, stiff, rodlike CNC particles, it will undergo
significant cell membrane damage. This damaged membrane would
make microbial cells susceptible to protonated (cationic) chitosan.
Thus, the incorporation of only 10% of CNC is enough to provides a com-
plete antimicrobial character to these films.

3.2.3. Barrier properties

Barrier properties play an important role in food preservation. Limit-
ing the permeation of water vapor and oxygen through the packaging
film is essential to prevent microorganism's growth as well as food ox-
idation, and consequently, food spoilage [22,47]. Consequently, to as-
sess the effect of CNC nanofillers into barrier properties of chitosan
films, the WVP and O,P were evaluated. The results are shown in
Table 3.

The WVP of the packaging depends on several aspects such as the
composition and hydrophilic-hydrophobic nature of the film, the rela-
tion between the crystalline and amorphous zones, and the mobility
of the polymeric chains [48]. Additionally, lower WVP values are associ-
ated with reduced moisture exchange between the food and the sur-
rounding atmosphere, which is important to prevent or retard food
deterioration [8]. Considering the results of WVP, no significant differ-
ences between chitosan and chitosan/CNC films were observed, sug-
gesting that CNC did not affect the affinity of the chitosan films by the
water vapor molecules.

On the other hand, oxygen can cause deterioration of packed food al-
tering its color, flavor, or composition; therefore, low values of O,P are
also preferred. The addition of nanofillers into polymeric matrices can

Tensile Strength (MPa)

Elongation at Break (%)
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contribute to the reduction of O,P values [16,47]. Contrary to WVP re-
sults, the incorporation of 5, 25 and 50 wt% CNC led to a significant de-
crease in O5P (2.2 x 10716,1.6 x 107" and 2.7 x 10~ '®* m®/s m Pa,
respectively) when compared with the O,P of the chitosan films
(7.1 x 107" m3/s m Pa). Several studies have been shown the contribu-
tion of CNC to enhance the oxygen barrier properties of different bio-
polymers, which can be related to the increase in crystallinity, loss of
chain mobility and low free volume when nanocellulose is added in
the polymeric matrix [20,49,50]. Nevertheless, this effect on chitosan
films has been poorly explored. Hence, the obtained results confirm
the efficacy of these nanofillers to decrease the affinity of the oxygen
molecules to the chitosan film, improving the oxygen barrier properties,
and consequently, protecting the food from oxidation and spoilage.

3.2.4. Mechanical properties

One of the functions of food packaging systems is to protect the food
against external environmental conditions. Packaging materials should
be able to maintain the food integrity during the processing, handling,
and storage processes and, consequently, must exhibit suitable mechan-
ical properties. Nevertheless, biopolymers, like chitosan, display poor
mechanical properties comparing to conventional packaging materials.
Hence, the addition of nanofillers into polymeric matrices represent a
promising approach to improve those properties [16,22]. In order to
evaluate the effect of CNC incorporation into the mechanical properties
of chitosan films, tensile tests were performed. The stress-strain curves
were determined and the tensile strength, elongation at break, and
Young's modulus were calculated for all samples, as demonstrated in
Fig. 6.

Chitosan films without CNC presented a tensile strength of 7.98 MPa,
an elongation at break of 61.4%, and a Young's modulus of 22.4 MPa.
With the CNC incorporation, a gradual increase in tensile strength to
8.93,13.0, and 25.3 MPa was observed, accordingly with CNC concentra-
tion. However, this difference was only statistically significant with the
addition of 50 wt% CNC. This finding confirmed that with this CNC con-
centration, chitosan films became stronger and more resistant to stress,
which can result from the strong interaction by hydrogen bonds be-
tween the nanofillers and matrix. In fact, when the nanofillers are incor-
porated into polymeric matrices, they can fill the free space between
polymer chains, increasing the intermolecular attraction force [16,23].
The enhancement in tensile strength of reinforced chitosan films has
been reported by several authors [18,19,22,23,26]. Xu et al. showed a
significant increase in tensile strength of chitosan films from 4.56 to
10.6 MPa, with the incorporation of 5% (w/v) of CNC, which may arise
as a consequence of restricted polymer chain mobility in the vicinity
of nanocrystals [22]. Mujtaba et al. developed chitosan films with a ten-
sile strength of 5.4 MPa, which improved to 5.86, 5.99, 6.67, and
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Fig. 6. Tensile strength (MPa), elongation at break (%) and Young's modulus (MPa) obtained for chitosan films incorporated with different CNC concentrations (0, 5, 10 and 50 wt%). Values
are expressed as mean + SD. Different letters in the same graph correspond to samples statistically different (p < 0.05).
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6.28 MPa with CNC addition in different amounts (5, 10, 20 and 30% (w/
w)) [18]. An enhancement of 5.45, 39.23, 34.84, and 32.45% was also ob-
served by Yadav et al. in the tensile strength of chitosan films incorpo-
rated with CNC [23]. Similar results were also described by Mao et al.,
who found an increase of 13.2% in tensile strength with the addition
of 3% CNC [19]. The elongation at break remained relatively unchanged
with all the CNC concentrations evaluated, which means that elasticity
of the films was not significantly affected with the introduction of the
nanofillers.

Young's modulus is also an important parameter to evaluate since it
indicates the material's stiffness. An improvement of Young's modulus
values was observed with the incorporation of the CNC nanofillers. Chi-
tosan films showed Young's modulus of 22.4 MPa, which increased to
26.1, 40.2, and 92.7 MPa in the presence of 5, 10, and 50 wt% CNC, re-
spectively. This increase can be ascribed to the improved film's stiffness
by the incorporation of CNC, which can be related to its crystalline struc-
ture. Similar results were described by previous studies [18,23,38].
Overall, these findings showed that CNC act as an excellent reinforcing
agent in chitosan films, enhancing their mechanical properties, and
demonstrating the potential of these samples to be used in the food
packaging industry.

3.3. Shelf-life tests

3.3.1. Microbiological analysis

Meat is among the most perishable foods since offers a favorable en-
vironment for the growth of microorganisms (e.g. high moisture and
nutrients), which represents the main contributor to meat spoilage.
Hence, retarding the development of microorganisms in food is essen-
tial not only to provide higher quality and safety to the consumers,
but also to decrease food waste [51]. Thus, in this work, besides only
testing the antimicrobial activity of the films, the ability of the samples
to act as active packaging membranes in order to decrease the microbial
growth in packed food was evaluated using chicken breast during
14 days of storage at 4 °C. Bacteria counts present in the meat packed
with different packaging membranes (chitosan, chitosan/50%CNC and
commercial) were performed at specific timepoints, as demonstrated
in Fig. 7.

Enterobacteriaceae and Pseudomonas are between the most common
bacteria found in fresh meat, thereby contributing to its spoilage [51].
The evaluated bacteria increased throughout the storage time, although
their amount was different according to the packaging conditions.

Pseudomonas spp. are generally the predominant bacteria associated
with spoilage in aerobically packed meat [52]. The initial population of
Pseudomonas spp. presented in chicken meat was 5.7 log CFU/g. Consid-
ering that 7 log CFU/g of these bacteria is high enough to indicate that
meat has been spoiled during storage under refrigerated condition
[53], the commercial samples already presented this value after 2 days
of storage (Fig. 7A). On the other hand, meat packed with chitosan
and chitosan/CNC films showed 2 and 4 log CFU/g, respectively.
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Moreover, during 7 days of storage, the load of Pseudomonas spp.
remained higher in meat packed with commercial membranes, show-
ing the ability of the developed samples to preserve meat during the
first days of storage. After 9 days of storage, these bacteria showed a
very high count, being no differences observed between all samples.

Enterobacteriaceae family are Gram-negative bacteria which in-
cludes several foodborne pathogens, such as E. coli, Salmonella, Shigella,
among others [54]. The initial population of Enterobacteriaceae was 2.7
log CFU/g. After 7 days of storage, meat packed with commercial mem-
branes showed an increase to 7.1 log CFU/g, while meat packed with
chitosan and chitosan/CNC films only demonstrated a slight increase
to 3.1 and 3.8 log CFU/g, respectively. At the 9th and 14th days, the
amount of Enterobacteriaceae remained lower in meat with chitosan
films. Meat packed with chitosan/CNC and commercial films presented
identical amount of Enterobacteriaceae at the end of the study.

These results show the efficiency of chitosan-based films in
retarding the bacteria growth in meat when compared to commercial
membranes, particularly during the first days of storage. These findings
can be due to the bactericidal activity demonstrated by chitosan and
chitosan/50wt%CNC films against Gram-negative and Gram-positive
bacteria, which was already verified by the results from Table 2. More-
over, the good exudates absorption capacity of the developed samples
could also contribute to the delay of microorganism's growth. In fact,
the absorption capacity of chitosan, chitosan/CNC and commercial sam-
ples was 120%, 70% and 1600%, respectively. Although commercial
membranes presented higher values, the absorption capacity of
chitosan-based samples was found to be enough for the product in
study under testing conditions, since no exudate was found in trays at
any time of storage.

Salmonella and L. monocytogenes are considered major foodborne
pathogens found in chicken meat and in its processing environment,
being a potential source for human illnesses [55]. In fact, Salmonella
was not detected in any samples throughout the study, while L.
monocytogenes counts were < 1.0 x 10 CFU/g for all the analyzed sam-
ples. Poultry is also a source and reservoir for Campylobacter spp., which
are Gram-negative, microaerophilic and able to grow at temperatures
between 37 and 42 °C [56,57]. In the initial meat, Campylobacter spp.
were detected with counts of 3.2 x 10®> CFU/g, however, two days
later their presence was not observed, being this pattern maintained
in all stored samples. Aerobic environments and temperatures below
30 °C may have contributed to the reduction of Campylobacter during
the storage.

3.3.2. Chemical analysis

During food storage, several volatile nitrogenous compounds, such
as ammonia, trimethylamine and dimethylamine, starting to form due
to the degradation of food's nitrogenous compounds by microbial or en-
zymatic activities. Therefore, the TVB-N index is considered an indicator
of spoilage in food [58]. In order to evaluate the potential of chitosan/
CNC films to delay the meat's spoilage, and consequently, extend the
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Fig. 7. Microbial evaluation (log CFU/g) in chicken breast meat packed with chitosan films, chitosan/CNC films and commercial membranes during storage at 4 °C. Growth of Pseudomonas

(A) and Enterobacteriaceae (B).
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meat shelf-life, the quantification of TVB-N on meat was also performed
at different storage days (0, 2, 5, 7,9 and 14) for 14 days at 4 °C. Once
again, the evaluation of TVB-N content was carried out in chicken breast
meat stored with chitosan, chitosan/50wt%CNC, and commercial refer-
ence membranes. The results are shown in Table 4.

The initial TVB-N amount in chicken breast meat was 10.7 mg N/
100 g. The TVB-N content seems to increase during storage time for all
the samples, which would be expected since meat becomes more sus-
ceptible to spoilage over time either by a microbial attack or enzymatic
degradation [59]. However, slight differences were observed between
the three evaluated samples.

Taking into consideration the results from Table 4, after 2 days of
storage, chicken meat stored with chitosan/CNC films showed the
highest TVB-N value when compared to chitosan films and commercial
membranes. Nevertheless, this value only increased from 15.3 to
18.4 mg N/100 g until 14 days of storage. The TVB-N content in meat
tested with chitosan films displayed more accentuated increase over
the storage time, showing TVB-N values of 21.2 mg N/100 g on the
14th day. Finally, the chicken meat packed with commercial mem-
branes exhibited the highest increase of TVB-N amount during
14 days of storage, achieving a value of 24.3 mg N/100 g. These results
demonstrated the better efficiency of the developed chitosan-based
samples in retarding meat's spoilage when compared to commercial
membranes.

Since TVB-N can be produced through the degradation of nitroge-
nous compounds by bacteria, the obtained findings with the chitosan-
based samples can be explained by their antibacterial activity against
both Gram-negative and Gram-positive bacteria, resulting in lower
TVB-N formation [58]. Various studies report that the use of films or ed-
ible coatings based only on chitosan or chitosan incorporated with dif-
ferent compounds, including natural extracts and essential oils, could
reduce the TVB-N formation in food products under cold conditions
[53,58,60].

Moreover, the incorporation of CNC into chitosan films
demonstrated greater efficiency in delaying meat deterioration when
compared to chitosan films, showing lower values of TVB-N over the
storage time. Dehnad et al. demonstrated that chitosan-nanocellulose
biocomposites decreased lactic acid bacteria population on the ground
meat by approximately 1.3 and 3.1 logarithmic cycles at 3 °C and
25 °C compared with nylon packaged samples, respectively, after six
days of storage [25].

Therefore, chitosan/CNC films exhibited great potential to preserve
meat during storage under refrigerated conditions.

Table 4

TVB-N content obtained from chicken breast meat packaged with chitosan films, chitosan/
CNC films and commercial membranes during 14 days of storage at 4 °C. The results are
expressed as mg N/100 g of chicken breast meat.

TVB-N
mg N/100 g

10.7
12.2
154
153
184
212
153
152
123
15.2
18.4
10.4
13.8
18.4
213
243

Storage temperature Samples Storage days

Chitosan

—_

Chitosan/CNC

—_

Commercial
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4. Conclusions

This work shows the development of chitosan/CNC films with en-
hanced properties to be applied as sustainable alternatives for active
food packaging. CNC addition improved the oxygen barrier, the me-
chanical properties, and the bactericidal and fungicidal activities of chi-
tosan films, being the incorporation of 10 and 25 wt% of CNC yielded the
highest antimicrobial activity. Additionally, chicken meat packed with
both chitosan and chitosan/CNC films showed lower amount of Pseudo-
monas and Enterobacteriaceae bacteria during the first days of storage at
4 °C, in comparison with commercial membranes. Finally, meat packed
with chitosan/CNC systems resulted in the lowest value of TVB-N after
14 days of storage.
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