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ARTICLE INFO ABSTRACT

Keywords: In this study, the nanocomposite chitosan films with antimicrobial activity from agave bagasse and shrimp shells
Nanocellulose were developed. Chitosan was successfully extracted from shrimp shells waste and cellulose nanofibers were
Silver nanoparticles obtained from bagasse agave. To improve the antimicrobial activity, different silver nanoparticle concentrations
g:g{o:;ig (2.5, 5, and 10% v/v) were added in the formulation. The films were prepared using the solvent casting tech-
Antimicrobial nique and the film samples were characterized by Fourier transform infrared spectroscopy, thermogravimetric

analysis, and scanning electron microscopy. The functional properties were also evaluated, including trans-
parency, antibacterial activity (against Escherichia coli), water-solubility, swelling, and mechanical properties.
The moisture content and water solubility decreased when the silver nanoparticles and nanofiber were added to
the films. An increase in strength and modulus was determined when the nanofibers were added to the film. and
with the addition of silver nanoparticles a decrease of the mechanical properties proportional to the nanoparticle
content was observed. Therefore, there was an increase in the mechanical properties of chitin films with the
incorporation of nanofibers and the addition of 2.5% and 5% of silver nanoparticles. Chitosan/nanofiber-based
films displayed a total antibacterial activity against E.coli compared to chitosan-based films, with a synergistic
effect between chitosan and cellulose nanofibers. This work highlights the potential of chitosan films reinforced

with nanofibers and silver nanoparticles to act as green alternative for food preservation and packaging.

1. Introduction

Nowadays, there has been a great need to substitute petroleum-
derived packaging materials due to their non-biodegradable nature
and the limitation of petrochemical resources [1,2]. To replace
fossil-derived synthetic polymers and to minimize the problem of the
accumulation of plastics in the environment, biopolymers have received
great attention due to their remarkably reduced dependence on petro-
leum and for being environmental-friendly and biodegradable proper-
ties [3,4]. Chitosan (CHT) has emerged as an attractive material for the
food packaging industry due to its excellent properties [3,5,6], abun-
dance, non-toxic, biodegradable, barrier, antibacterial and film-forming
properties [3,7]. CHT is prepared by the deacetylation of chitin, the
second most abundant biopolymer after cellulose on Earth [8,9]. Chitin
polymer can be found in the exoskeletons of arthropods (e.g., shrimps,
lobsters, and crabs), as well as in fungi and yeast cell walls [3].
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Structurally, chitin is a linear amino polysaccharide with variable mo-
lecular weight, with p-glucosamine and N-acetyl-p-glucosamine units
bonded by f-1,4 glycosidic linkages [8,10,11].

Nevertheless, the production of CHT films is a challenge mainly
because of their high water-solubility, and low structural and mechan-
ical properties [5]. These limitations could be improved by using
different approaches, e.g plasticizers, cross-linkers and emulsifiers, fi-
bers, nanoparticles, natural extracts, essential oils and CHT blend films
with polysaccharides, proteins, and synthetic polymers [9]. Glycerol is a
plasticizer frequently added to increase the mobility between the poly-
mer molecular chains and then reducing their intermolecular forces
[12]. Nanocellulose (NC), either as nanocrystals (CNC), nanofibers
(CNF) or cellulose nanoparticles (CNP) form, has been widely used as a
reinforcing material to improve the mechanical, structural, and thermal
properties of CHT films [13-16]. Agricultural residues are abundant and
represent an alternative to obtain added-value products, such as
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nanocellulose. The advantage of using these lignocellulosic materials is
that they are normally by-products from industrial processes or agri-
cultural activities; they are available in large quantities and are an
economic source [17]. Agave bagasse is an abundant source of biomass,
very relevant to the state of Jalisco, Mexico, because it is a waste of the
tequila industry, which is derived from Agave tequilana plant [18]. Some
studies have used agave bagasse to obtain CNC and CNF [18-21], which
is an excellent strategy due to the abundance of this agricultural residue.

Besides mechanical, structural, and thermal properties, antimicro-
bial activity is another important characteristic of active films. The
addition of nanoparticles (NPs) such as TiO,NPs [22,23], ZnONPs [24,
25], CuNPs [26], and silver nanoparticles (AgNPs) [11,14,27,28], can
enhance the antimicrobial capacity of the CHT film. Among these NPs,
AgNPs have recently been used in food preservation for their excellent
antibacterial and antifungal ability [26,29]. Different studies have
shown, that when applied to CHT films, AgNPs can improve the me-
chanical, optical, thermal stability, and antimicrobial activity [7].
Despite some studies reporting the combination of CHT with CNF and/or
AgNPs for food packaging applications [15,30], literature concerning
the use of cellulose nanofiber from agave fibers in the food packaging
industry is scarce. Furthermore, studies are focused mainly on the
development of nanocomposites based on cornstarch and cellulose
nanofibrils from Agave tequilana Weber [21]. Therefore, the present
study is mainly focused on producing chitosan films reinforced with
CNF, obtained from bagasse agave fibers, and AgNPs, synthesized by a
sonochemical method, using chitosan extracted from shrimp exoskel-
eton as a stabilizing agent. The aim of this study is to develope a flexible,
transparent, resistant composite material with antibacterial properties
to be used as packaging and in the preservation of food, in addition to
giving added value to little used waste such as shrimp shells and agave
bagasse.

2. Materials and methods
2.1. Materials

The Laboratory of Polymer Science and Technology (POLIUNA) in
Costa Rica provided the chitosan, which is obtained from shrimp shells
residue. The bagasse fibers of the Agave Tequilana Weber plant was
sourced from a tequila company in Tlajomulco de Zuniga Jalisco,
Mexico. Pure acetic acid and glycerol (99 wt% purity) were obtained
from Merck Co., Germany. Nutrient Broth and Nutrient Agar were
purchased from Becton, Dickinson and Company, Sparks, MD, USA.
American Type Culture Collection, USA, supplied Escherichia coli 25922.
The chemical reagents used included hydrochloric acid (HCl), sodium
hydroxide (NaOH), and sodium acetate (CHsCOONa) which were ac-
quired from Sigma-Aldrich.

2.2. Preparation and characterization of chitosan

During a preliminary stage to extract the chitin, shrimp shells as a by-
product of an aquaculture process were obtained from a company
located in the Pacific coast of Costa Rica. Subsequently, the material was
milled and subjected to a treatment with hydrochloric acid 5% w/w and
then sodium hydroxide 5% w/w, at room temperature. Afterwards, the
material was washed until neutral pH was reached and dried in a solar
oven. In order to obtain chitosan, deacetylation of chitin was carried out
using 50% w/w NaOH at 100 °C for 2 h with constant stirring at 200
rpm. Once the reaction time had elapsed, the mixture was filtered and
washed until reaching neutral pH. Finally, the chitosan was dried in an
oven at 70 °C. The chitosan was characterized by determining its mo-
lecular weight, using a viscosimetric technique; a buffer of 0.25 M acetic
acid/0.25 M sodium acetate was used and the Mark-Houwink-Sakurada
constants of K = 1.57 x 10~ and a = 0.79 were used to estimate the
viscosimetric molecular weight (Mv) [31]. The deacetylation degree of
the material was assessed by a conductometric titration using HC1 0.1 M
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as solvent and NaOH 0.1 M as titrant [32]. The material extracted had a
molecular weight of 420 kDa and a deacetylation degree of 73%.

2.3. Isolation and characterization of nanofibrillar cellulose

Cellulose nanofibers (CNF) were obtained from cellulose bagasse
agave. Cellulose was isolated via organosolv treatment and bleached
according to previous work [18,33]. CNF was produced by mechanical
microfluidization (Microfluidizer M — 110P, United States) with a
pressure range of 2000 to 30,000 psi. Agave cellulose with a consistency
of 1.5% is passed several times through the microfluidizer using the 400
and 200 pm chambers arranged in series. Subsequently, the material was
passed 5 more times using the 200 and 100 pm chambers. As the cel-
lulose passes through the chambers, the pressure increases, which favors
the interaction between the fibers and the cutting forces, producing
cellulose nanofibers [18]. The working solution of CNF was 2.20 pg/ml.
CNF was characterized by transmission electron microscopy (TEM)
(JEOL, JEM2011, 120 kV) and zeta potential using a nanoparticle
analyzer (NanoPartica SZ-100V2, Horiba, Japan). The diameter of the
CNF was analyzed by ImageJ software (Fiji distribution, open-source).

2.4. Synthesis and characterization of silver nanoparticles

Silver nanoparticles (AgNPs) were synthesized using a sonochemical
method reported previously with some modifications [34]. Chitosan
extracted from the shrimp exoskeleton was used as a stabilizing agent.
The reduction of silver nitrate into AgNPs was monitored with an
UV-Vis spectrophotometer (Shimadzu 1600 UV spectrometer, Kyoto,
Japan) from 200 to 800 nm. The AgNPs were characterized by TEM
(JEOL, JEM2011), at an acceleration voltage of 120 kV. A 5 pl suspen-
sion of AgNPs was placed on carbon-coated copper grids, followed by
drying in a desiccator with silica for 16 h. In addition, the hydrodynamic
diameter, zeta potential, and polydispersity of the AgNPs were deter-
mined by dynamic light scattering (DLS), using a nanoparticle analyzer
(NanoPartica SZ-100V2, Horiba, Japan), with a dispersion angle of
173°, at 25 °C. The hydrodynamic diameter, the polydispersity, and zeta
potential of AgNPs were 165.6 £+ 95.7 nm, 0.383 + 0.040, and 55.8 +
5.7 mV, respectively.

2.5. Films preparation

Firstly, 1% (w/v) of chitosan (CHT) solution was prepared by dis-
solving chitosan powder in an aqueous solution of 1% (v/v) of acetic
acid under vigorous stirring for 12 h. Then glycerol was added with
continuous stirring at a proportion of 30% (w/w) on a chitosan powder
basis. After that, a nanocellulose solution was incorporated in a 10% (v/
v) proportion. Subsequently, an AgNPs solution was added at different
concentrations (10, 5 and 2.5% v/v). These solutions were left under
constant stirring for 1 h. Subsequently, the solutions were sonicated in
an ultrasonic bath for 30 min. Finally, the solutions were cast on poly-
vinyl molds. After casting, the films were dried at 30 °C for 3 days. The
coding for film samples is given in Table 1.

Table 1
Film sample codes.
Codes Description
CHT Chitosan film
CHT.AgNPs10% Chitosan film with 10% v/v AgNP
CHT.AgNPs5% Chitosan film with 5% v/v AgNP
CHT.AgNPs2.5% Chitosan film with 2.5% v/v AgNP
CHT.CNF Chitosan film with CNF
CHT.CNF.AgNPs10% Chitosan film with 10% v/v CNF and 10% v/v of AgNPs
CHT.CNF.AgNPs5% Chitosan film with 10% v/v CNF and 5% v/v of AgNPs
CHT.CNF.AgNPs2.5% Chitosan film with 10% v/v CNF and 2,5% v/v of AgNPs
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2.6. Films characterization

2.6.1. Fourier transform infrared spectroscopy (FTIR)

FTIR analysis was carried out to determine the main functional
groups on the chitosan films. The FTIR spectra were collected at a res-
olution of 4 cm ™! in transmission mode (4000-400 cm ™) using a FTIR
spectrophotometer (Alpha, Bruker). The spectra were plotted using
Origin Pro 2019 software.

2.6.2. Thermogravimetric analysis (TGA)

The films were analyzed using a TGA-Q500 thermogravimetric
analyzer (TA Instruments), equipped with Universal Analysis 2000
software (version 4.5A, TA Instruments). Samples were heated from
30 °C to 800 °C at 10 °C/min under nitrogen. The spectra were plotted
using Origin Pro 2019 software.

2.6.3. Scanning electron microscopy (SEM)

The morphology of the films was visualized by SEM (JSM-6390 LV,
Jeol), operating at 10 keV, with secondary electrons (SEI) and a spot size
of 50. Before the experiment, the samples were coated with a 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.

2.6.4. Thickness and moisture content and water solubility

Sample thickness was measured using a digital caliper; three
different random positions of each film were recorded, and the average
thickness was determined. Moisture content (MC) of the samples was
determined by measuring the weight loss of film squares (10 mm x 10
mm), before and after drying at 60 °C until constant weight. Water
solubility of film samples was determined up to constant weight. Film
samples were then cut into strips (1 cm?) and accurately weighed (MO).
They were then placed in 10 mL of distilled water and kept at 25 °C for
24 h. Film samples which had not dissolved were then recovered and
dried at 60 °C until constant weight and reweighed (M1). The solubility
in water of the films was calculated according to Eq. (1),

MO — M1
ry

Solubility (%) = 70

100 1
Where MO (g) = is the initial mass of the film sample and M1 (g) = is the
mass of the film sample at time t (h).

2.6.5. Light transmission and transparency

The barrier properties of films against ultraviolet (UV) and visible
light were investigated by measuring the transmission values at selected
wavelength between 300 and 800 nm using a spectrophotometer (UV-
2600, Shimadzu, Japan). Film portions of 10 mm x 40 mm were directly
placed into the test cell of the spectrophotometer. An empty test cell was
used as reference. Absorbance measurement was repeated three times
for each sample. The opacity of the films was calculated according to Eq.

(2,
Abs600

Opacity = 2)
where Absggo = is the absorbance at 600 nm and d is the film thickness
(mm) [35].

2.6.6. Tensile properties

Tensile stress—strain tests were performed at a deformation rate of
50 mm/min in a United SFM-10. Five samples were tested for each film
composition according to ASTM D882. In order to determine the tensile
strength (TS, MPa), the elastic modulus (EM, MPa) and the elongation at
break (EB, %), films were cut into rectangles (150 mm x 10 mm x 0.04
mm) and were mounted between the grips of the machine.
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2.6.7. Antimicrobial activity

Antimicrobial activity was assessed using the immersion method.
The microorganism assayed was the Gram-negative bacteria Escherichia
coli (ATCC 25922). Briefly, an inoculum of E. coli was prepared in 20.0
mL of NB (Nutrient Broth, Merck) and incubated for a period of 24 h at
37 + 1 °C. Then, microbial concentrations were adjusted to 1 x 108
cells/mL via absorbance at 600 nm. A microbial concentration of 5 x
10° cells/mL was obtained using a 200-fold dilution in distilled water.
One milliliter of this inoculum was then added to each sample in conical
tubes. Samples were incubated for 24 h at 37 °C, under agitation (120
rpm). After this period, the tubes were subjected to vigorous agitation,
samples were collected and the number of colony forming units (CFU)
was determined by plating serial dilutions. All assays were performed in
triplicate and repeated in three independent assays.

The value of antimicrobial activity was calculated according to Eq.

(3,

R= (log (%)) ®)

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 viable
bacteria cells in the antimicrobial test piece after 24 h.

2.7. Statistical analysis

For the analysis of the characterization of cellulose nanofibers and
silver nanoparticles, the mean and the standard deviation were used
since only the data were described. For the evaluation of properties of
the different combinations of chitosan with silver nanoparticles and
cellulose nanofibers, the statistical significance was determined to
compare means and see the differences in the experimental data for the
use of different concentrations with the control. For this, the Student’s T
test was performed (p value < 0.05) using Origin statistical software,
version 9.0.

3. Results and discussion
3.1. Characterization of cellulose nanofibers and silver nanoparticles

It was possible to identify the cellulose nanofibers with an average
diameter of 26 + 6 nm (Fig. 1). It is important to highlight that the di-

mensions of the CNF obtained in this research are considerably lower
than CNF obtained from the thermomechanical pulp of Pinus radiata

e
<

Fig. 1. Transmission electron micrograph of nanocellulose fiber of Agave
tequilana Weber bagasse.
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[36] and for organosolv CNF from Agave tequilana Weber bagasse [18]. It
was also possible to observe spherical particles between the nanofibers,
with an average diameter of 500 nm. These spheres might be lignin
particles, which bind to cellulose through complex lignin—carbohydrate
bonds, similar to the reported by other authors [36]. Otherwise, the
stability of CNF dispersions in aqueous media was measured by zeta
potential analysis. The measured zeta potential values of CNF was —26.1
+ 0.56 mV. These values indicated the stability to aggregation [37].

Fig. 2 shows the UV-Vis absorption spectra and the TEM micrograph
of AgNPs. It was determined that the AgNPs had a maximum absorbance
at 410 nm (Fig. 2A), corresponding to the surface plasmon resonance
(SPR), which indicates the formation of AgNPs [38]. Spherical-shaped
AgNPs (Fig. 2B), with sizes between 5 and 50 nm were determined.
On the other hand, the results of DLS indicated that AgNPs had a mean
size of 293.01 + 8.40, a PDI of 0.393 + 0.069 and a zeta potential of
44.04 + 0.87, which indicated the stability of the AgNPs.

3.2. Fourier transform infrared spectroscopy analysis

FTIR analysis was performed to evaluate the structural interaction
between chitosan, CNF, and AgNPs. As shown in Fig. 3, the broad ab-
sorption peak characteristics of cellulose, the band at 3269 em™! cor-
responds to the stretching vibration of O-H and N-H (chitosan), and the
peak at 2875 cm ™! is attributed to the stretching vibration of C-H. The
peak in the range of 3500-3300 cm™! in the CHT.CNF film sample in-
dicates that these polymers interact by intramolecular hydrogen
bonding and this contribute to increasing water resistance [39,40].
Another evidence of interaction between CH and CNF is the peak in the
range of 2200-2359 cm ™! that corresponds to the asymmetric C=N—0
stretching vibration, corresponding to the formation of isocyanate group
[41]. The band at 1408 cm™! is related to the symmetrical bending vi-
bration of C-H. The band at 1024 cm™! is attributed to the stretching of
C-O [4,18,42]. Moreover, the small band observed at 1640 cm ™!
attributed to the stretching C—=C, reported as characteristic of the ben-
zene ring of lignin [18], is associated with the spherical particles
observed in CNF by TEM. In addition, the band at 1640 cm™! can also be
associated to C=O0 stretching (amide I) and the band at 1551 em™!
associated to C=O stretching (amide II), while characteristics of chito-
san also appeared at 1551 em ! [4,35,42].

3.3. Thermogravimetric analysis

TGA was performed to evaluate the thermal stability of the samples.
Thermograms (TGA) and their first derivatives (DTGA) curves obtained

A
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for CHT films with and without AgNPs and CNF are represented in Fig. 3.
The DTGA curves of the CNF, chitosan and glycerol (Fig. 4A) show the
highest weight loss at 337 °C, 292 °C and 209 °C, respectively. More-
over, all the films show similar curves with three steps of weight loss as a
function of temperature. The first step between 30 and 120 °C corre-
sponds to water evaporation [2,3]. Furthermore, there is a second event
of weight loss at 125-240 °C, related to glycerol degradation. The last
event of weight loss observed at 240-400 °C was due the depolymer-
ization and decomposition of CHT [2,3] and CNF [43]. According to the
thermal profiles of the films, it was possible to determine that there were
no significant differences in the thermogram curves. This could be
related to the presence of AgNPs and CNF in the films, without
improving the thermal stability of the films compared to the neat CHT
film.

3.4. Morphological analysis

To evaluate the morphology of the CHT, CHT.CNF and CHT.CNF.

T * T b T x T
300 400 500 600
Wavelength (nm)

T
700

3269 2875 2359 1641 1551 1408 1024
=
8
(O]
o
c
8
% [ cHT.CNE
=
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T T T LI R T
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)
Fig. 3. FTIR spectra of CHT films with CNF and AgNPs.
B
N
»
- :
K b & )
50 _nm ‘.

Fig. 2. UV-Vis absorption spectra (A) and transmission electron micrograph (B) of AgNPs.
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Fig. 4. TGA and DTGA curves of A) CNF, glycerol and CHT, and B) CHT, CHT.AgNPs10%, CHT.CNF, and CHT.CNF.AgNPs10% films. Straight and dotted lines

represent the derivative of % weight loss as a function of temperature.

AgNPs films, SEM analysis was performed. Fig. 5 shows the surface
images of CHT (Fig. 5a), CHT.AgNPs (Fig. 5b-d) and CHT.CNF.AgNPs
(Fig. 5e-h) films. Moreover, Fig. 6 shows the cross-section SEM images
of CHT (Fig. 6a), CHT.AgNPs (Fig. 6b-d) and CHT.CNF.AgNPs
(Fig. 6e-h) films.

The results determined that the morphology of the surface and cross
section of CHT and CHT.AgNPs films are homogeneous and smooth
Fig. 6. The CNF incorporation into CHT films led to the appearance of a
rougher surface which can be related to accumulation of CNF in the films
[3,15]. Moreover, no agglomerations clusters are noticed in the matrix,
which could be indicated the CNF was homogeneously distributed
mixed into the CHT matrix [3].

3.5. Transparency

The barrier properties of films against UV-visible light were inves-
tigated by determining the light transmission of films at wavelengths
between 300 and 800 nm (Table 2). The results showed that the pres-
ence of CNF or AgNPs raised the opacity value of the CHT film,; this being
more noticeably in the case of films with AgNPs and CNF. Opacity is a
value for the measurement of film transparency. A higher opacity value
means lower transparency; however, films can be considered highly
transparent when the opacity value is less than 2 [44], such as control

X2,000° . 10pm 0000 1040 SEI ~10KV - X2,000 10um 0000 1040 SEI
# gy R i ’

£ 7
AT o $ :
£ 10KV 'X2,000 10pm "~ 0000 1140 SEI 0000+ 1240 SEL: ~

»

chitosan films, 5% and 2.5% AgNP 10% chitosan films, and NFC 10%
chitosan films. The CHT and NFC films with 5% and 2.5% content of
AGNPs presented opacity values of 4 and 3.49 respectively, these films
are more opaque than the pure chitosan films. These results agree with
Salari et al., 2018, who found that the incorporation of bacterial cellu-
lose nanocrystals and AgNPs into CHT films, affected the apparent color
and reduced the transparency of the films [35]. In the food packaging
area, the transparency of the films is a very important factor, since it is
related to the choice of consumers; on the other hand, lower trans-
parency can be also a desirable property because the film can act as a
UV-Vis light barrier, protecting the food from degradation [3].

Fig. 7 shows the images of the CHT films incorporated with CNF,
AgNPs and CNF with AgNPs. Despite the decreasing transparency with
the addition of CNF and AgNPs, these films were still clear enough to see
through easily (Fig. 7g and h).

3.6. Moisture content and water solubility

Table 3 shows that CHT film had a moisture content of 18.76%; a
decrease in the moisture content and water solubility was noticed when
5 and 10% of AgNPs were added to the films [14,35]. This can be related
to an increase in the packing of the film network [35]. Moreover, the
addition of 10% CNF and AgNPs with CNF also decreased moisture

X2,000 10uym 0000 1040 SEI

40KV X2,000 . 10pm 0000 1140 SEI

Fig. 5. SEM surface images of (a) CHT, (b) CHT.AgNPs10%, (c) CHT.AgNPs5%, (d) CHT.CNF.AgNPs2.5%, (e) CHT.CNF, (f) CHT.CNF.AgNPs10%, (g) CHT.CNF.

AgNPs5%, (h) CHT.CNF.AgNPs2.5%.
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Fig. 6. SEM cross section images of (a) CHT, (b) CHT.AgNPs10%, (c) CHT.AgNPs5%, (d) CHT.CNF.AgNPs2.5%, (e) CHT.CNF, (f) CHT.CNF.AgNPs10%, (g) CHT.CNF.
AgNPs5%, (h) CHT.CNF.AgNPs2.5%.

Table 2
Thickness, Light transmission (T%) and opacity values of CHT films incorporated with CNF and AgNPs concentrations (2.5, 5 and 10%).
Treatment Thickness (mm)  Light transmission (T%) Opacity value
300 350 400 500 600 700 800
CHT 0.052 + 0.002 51.47 + 3.85 67.11 + 3.46 79.49 + 3.33 86.43 + 1.74 88.53 + 1.05 89.24 + 0.76 89.91 + 0.47 0.944 + 0.015
CHT.AgNPs10% 0.045 + 0.003 59.36 + 8.34 69.70 + 7.24 80.14 + 4.36 86.55 + 2.21 88.54 +1.13 89.54 + 0.86 90.55 + 1.20 1.173 £+ 0.044
CHT.AgNPs5% 0.043 + 0.004 68.31 + 9.40 77.95 + 4.80 84.25 + 1.52 88.23 + 0.21 89.39 + 0.37 90.27 + 0.64 90.10 + 0.81 1.100 £+ 0.016
CHT.AgNPs2.5% 0.040 + 0.005 59.97 + 3.39 73.33 +£ 2.22 82.04 £1.11 87.28 + 0.13 88.96 + 0.08 89.92 + 0.45 90.06 + 0.25 1.710 £+ 0.266
CHT.CNF 0.054 + 0.002 45.25 + 1.61 57.46 + 0.78 68.10 + 1.13 74.51 + 1.74 77.34 + 1.87 79.23 + 1.95 80.66 + 2.11 1.337 £ 0.103

CHT.CNF.AgNPs10% 0.044 £ 0.005 40.82+6.16 53.25+5.56 61.93+£537 72.07+226 7573+187 78.07+1.88 79.88+1.46 2.041 +£0.103

CHT.CNF.AgNPs5% 0.040 £ 0.003 20.74 £2.07 29.23+£2.09 36.84£2.05 4520+225 50.70+2.18 54.95+227 58.37 £215 4.098 £ 0.043

CHT.CNF. 0.050 =+ 0.002 2545+ 090 34.36+1.34 40.95+1.48 49.54+1.60 55.02+1.65 59.23+1.88 62.44+1.85 3.490 £ 0.023
AgNPs2.5%

*Values are presented as means =+ standard deviation (SD).

Fig. 7. Imagen of CHT films (a) CHT, (b) CHT.AgNPs10%, (c) CHT.AgNPs5%, (d) CHT.CNF.AgNPs2.5%, (e) CHT.CNF, (f) CHT.CNF.AgNPs10%, (g) CHT.CNF.
AgNPs5%, (h) CHT.CNF.AgNPs2.5%.

content and water solubility. This could be attributed to the large spe- packaging since the hydrophilic behavior causes a reduced resistance to
cific surface area of CNF and its interaction with CHT chains and AgNPs, humidity and this has an influence on the useful life of the packaged
which leads to a lower availability of free hydroxyl groups and, conse- foods [44].

quently, a reduction in hydrophilicity and MC and WS value. This
reduction is important for the application of these materials as
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Table 3

Moisture content (MC) and water solubility (WS).
Treatment MC (%) WS (%)
CHT 18.76 + 1.93% 40.82 + 1.11°
CHT.AgNPs10% 14.79 + 0.92° 35.61 + 2.90°
CHT.AgNPs5% 15.22 + 5.75° 37.34 +1.33"
CHT.AgNPs2.5% 17.47 + 2.37% 38.48 + 3.33°
CHT.CNF 12.38 + 0.53° 34.92 + 1.06°
CHT.CNF.AgNPs10% 10.91 + 1.29° 34.29 + 1.86"
CHT.CNF.AgNPs5% 11.25 + 1.23° 32.63 + 2.53°
CHT.CNF.AgNPs2.5% 14.56 + 2.40° 30.86 + 0.36"

*Values are presented as means =+ standard deviation (SD). values with the same
letter do not show significant statistical difference (p < 0.05).

3.7. Tensile properties

Chitosan films were subjected to a tensile test where information on
the strength, strain at break and modulus were collected, as shown in
Fig. 8. An increase in strength and modulus can be seen when the CNF
are added to the chitosan film in absence of AgNPs. Once the AgNPs
were combined into the film, mechanical propierties decreased overall
when AgNPs content increases. An opposite behavior was observed once
the AgNPs were in presence of the natural fibers; film properties
increased with AgNPs content, reaching to a stiff material at 10% AgNPs.
It has been reported that at low AgNPs concentrations, mechanical
properties of films remained constant or decreased [7], but recovered to
the initial film conditions when using higher concentrations of AgNPs. A
synergy between the cellulosic nanofibers and the metallic nanoparticles
can be clearly observed from Fig. 8, which means higher interaction
between the nanofibers and the chitosan chains, therefore restricting its
motion and increasing its rigidity.

3.8. Antimicrobial activity

The antimicrobial activity of different films against Escherichia coli, is
presented in Table 4. CHT films showed an antibacterial effect, which
means that chitosan can partially inhibit their growth. With the incor-
poration of AgNPs in the films, a total growth inhibition was observed,
related to the inherent antimicrobial activity of AgNPs; although a
partial inhibition behavior was found only in the treatment with the
lowest AgNPs concentration. These results agree with those found in the
literature; several papers have reported that chitosan and AgNPs show
broad antibacterial activity against Gram-positive and Gram-negative
bacteria [2,45]. It has been determined that cationic chitosan can
interact with the negatively charged lipopolysaccharides of the cell
membrane of microorganisms, then increasing cell permeability, and
leading to the leakage of intracellular constituents. Furthermore, chi-
tosan can chelate the environmental ions and nutrients required for
bacterial survival, penetrating the cell wall and cell membrane through
the cytoplasm and interacting with microbial DNA [3,46,47]. Moreover,
silver ions can cause inactivation of the respiratory enzymes leading to
the formation of reactive oxygen species resulting in cell damage [48].
Likewise, a total inhibition was also found with the incorporation of CNF
in combination with AgNPs in the films. It has been reported the syn-
ergistic effect between chitosan and cellulose nanofibers [3,49], which
have been attributed to the cell membrane damage caused by the con-
tact of the bacteria with the rigid, narrow, rod-shaped CNF [3]. In
addition to their morphology, cellulose nanofibers have a large number
of negatively charged hydroxyl groups on their surface that are capable
of retaining Ag + nanoparticles and this improves the antibacterial ac-
tivity of the films and is consistent with studies that have reported that
AgNPs are more effective if they are immobilized on a substrate [30].

4. Conclusions

In this work, chitosan and cellulose nanofibers have been

Journal of Agriculture and Food Research 14 (2023) 100759

80 600
4
<
g 70
5 500
Z 60
< 400 _
.E 50 =
2 =
5 40 300 S
8 =
~ =
< 30 =
ey =}
& 200 &
2
B ‘ 100
210
& T
0o —= - o
o KN KN KN KN o
& 5 S S s 5 $
& & & & QC@ & F S
RS W ba ¥Woo$
& & ¢ T s &
& O o <Y
& ¢ &

u Tensile strength (MPa)  m Strain at break (%) Modulus (MPa)

Fig. 8. Tensile properties of the chitosan films.

Table 4
Antimicrobial activity of chitosan films with CNF and different AgNPs
concentrations (2.5, 5, and 10% v/v).

Treatment Antimicrobial activity (R)
CHT 5.45 + 0.08
CHT.AgNPs10% Total

CHT.AgNPs5% Total

CHT.AgNPs2.5% 7.49 + 0.06

CHT.CNF 6.44 + 0.08
CHT.CNF.AgNPs10% Total

CHT.CNF.AgNPs5% Total
CHT.CNF.AgNPs2.5% Total

*Values are presented as means =+ standard deviation (SD).

successfully prepared from shrimp shells and bagasse agave, respec-
tively. These raw materials are abundant and little-used resources,
which contribute to the circular economy by creating new materials. In
addition, AgNPs were synthesized by a sonochemical method using CHT
as stabilizing agent. CHT films reinforced with CNF and different AgNPs
concentrations were produced by casting method. The incorporation of
CNF and AgNPs decreases the transparency of the films, moisture con-
tent and water solubility but increase the opacity. This is important,
since one of the drawbacks of using chitosan films as food packaging is
its high solubility in water. In addition, increasing the opacity limits the
transmission of UV and visible light and this reduces the oxidative
deterioration of food. Moreover, the incorporation of CNF.AgNPs5% and
AgNPs2.5% into the CHT films increased the mechanical properties and
displayed a total antibacterial activity against E.coli compared to the
neat CHT-based films. This work highlights the great potential of CHT
films reinforced with CNF and AgNPs to act as green alternative for food
packaging.
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