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Abstract: The objective of this study was to carry out the extraction and characterization of chitin and chitosan
from the exoskeletons of the Farfantepenaeus californiensis species of shrimp, as well as its application in the
formulation of polymeric films plasticized with glycerol used in the process of food packaging. The
characterization of the extracted polymer was made by Fourier transform infrared spectroscopy (FTIR),
Scanning electron microscopy (SEM), and physicochemical analysis of chitin and chitosan, resulting in a
theoretical performance of 29.33% and 16.46%, respectively. In terms of quality, it was determined that the
extracted chitosan had a molecular weight of 1.10 x10° g/mol and a deacetylation degree of 80.23%, which
classifies it as a low-molecular weight chitosan, suitable for food packaging. It was shown that the extracted
chitosan is fit for the production of the films by using the casting method, presenting a tension resistance of 1
MPa. The Antibacterial analysis was carried out using Staphylococcus aureus (S. aureus) and Escherichia coli (E.
coli), bacterial models commonly found in food. The results showed an effective inhibition capability of the
polymeric materials. Overall, the results for both chitosan and the films indicate a high potential for application
in the food packaging sector.

Keywords: chitin; chitosan; packaging; biopolymers; biomaterials

1. Introduction

The incorporation of bioplastics of plant and animal origin has attracted enormous attention in
the materials industry of the food packaging sector [1-3]. The advantages of biopolymers against
traditional counterparts can be appreciated due to their biocompatibility, biodegradability, and
occurring abundance [4]. Several examples of biopolymers that have been frequently used in the food
industry are cellulose, hyaluronic acid, collagen, chitosan, and chitin, this last one standing out the
most due to its availability (the most abundant after cellulose) and its intrinsic physicochemical
properties [5].

Chitin is a natural polysaccharide characterized by its structural function. Its polymer is N-
acetylglucosamine repeating units, which is abundant in the exoskeletons of crustaceans, insects, and
some kind of fungi [6]. The chitin percentage found in exoskeletons of crustaceans and insects is
around 30-40%, while in fungi, it ranges from 13-37% approximately [7]. Despite the potential of
chitin and chitosan, the source of these biopolymers is still being wasted nowadays; this is because
around 6 to 8 tons of crustacean waste are discarded, which causes contamination to both soil and
water as a consequence [8]. In Mexico, about 60 species of shrimp [9] of which only 8 have cultivation
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potential and are economically important to the country [10]. Due to its geographic position, Mexico’s
fishing regions are divided into the Pacific and the Gulf-Caribbean regions. Within these regions, the
most commonly caught species are Lifopenaeus stylirostris, Litopenaeus vannamei, Litopenaeus
occidantalis, Farfantepenaeus brevirostris, and Farfantepenaeus californiensis, the latter being the most
important [11]. Farfatepenaeus californiensis is the only species that is the most abundant in terms of
weight of national fishery production value [9,12], and its cultivation grew by more than 100
thousand tons in 2014 [13]. As previously mentioned, Farfatepenaeus californiensis is positioned as a
source of high commercial and productive interest, almost unexplored in the topic of extraction and
application of chitin and chitosan [9]. Meanwhile, other species, such as Litopenaeus vannamei [14,15],
Penaeus vannamei [16,17], and Penaeus monodon [18-22], are commonly studied for the extraction of
chitin and chitosan.

The application of environmentally friendly materials in food packaging has recently been
studied, considering biodegradable polymers derived from biomass as a viable and widely used
option [23]. Biopolymers derived from polysaccharides which are commonly used, such as starch,
pectin, alginate, and chitosan, share important physicochemical properties for film formation ability,
non-toxicity, biocompatibility, biodegradability, and chemical stability [24]. However, chitosan
draws attention for its antioxidant and antimicrobial properties since it has the presence of amino
groups in the polymeric structure, follows electronegative behavior, takes protons, and develops a
positive charge (polycationic). Thus, it can interact and interfere with negative electrostatic surfaces
in some types of cells (such as bacteria) [25-27].

In this work, we valorize the waste shells of Farfatepenaeus californiensis as a source of chitin and
chitosan with characterization techniques such as degree of acetylation, molecular weight, and
solubility. In addition to its potential use in food packaging through the production of films using
the casting method. The results obtained in this work will provide visibility, social attention, and
industrial consideration to a scarcely explored source of chitin and chitosan.

2. Materials and Methods

2.1. Obtaining and Processing Farfatepenaeus Californiensis Shells

Before the visual evaluation of shrimp species (Farfatepenaeus Californiensis), the shrimp
exoskeletons were collected from the waste of seafood restaurants in Mexicali, Baja California,
Mexico. Subsequent to its collection, the exoskeletons were washed three times using tap water, and
the last step was liquid soap (1 wt. %). The clean shells were disinfected in sodium hypochlorite (1
wt. %) for 1 h. Lastly, the exoskeletons were cleaned two times with distilled water to eliminate any
sodium hypochlorite residue. After disinfecting, the exoskeletons were sun-dried on a metal plate for
8 h at 46 °C. Once dried, the shells were shredded in a conventional blender until a thick powder was
obtained (10 pm-particle size).

2.2. Extraction of Chitin and Chitosan

For the extraction of chitin and chitosan, demineralization, deproteinization, bleaching, and
deacetylation of the shrimp shell powder was carried out following the sequence shown in Figures
1b and 2¢, with some modifications [7,28,29].
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Figure 1. Procedure for a) cleaning and treatment of F. californiensis exoskeletons; b) chitin extraction;

and c¢) chitosan extraction.
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Figure 2. Procedure for a) preparation of chitosan solution and b) chitosan film.

The shrimp powder was initially demineralized in 1N HCI (1:10, v/v%) at 60 °C for 35 min with
constant stirring. The demineralized shells were washed 5 times with abundant distilled water until
aneutral pH was reached. For the deproteinization process, NaOH (15 wt. %, ratio of 1:10) was added
at 65 °C + 3 °C for 2 h under constant stirring, resulting in chitin. Next, the bleaching was performed
using NaOClI (1 wt. %) for 30 min; then, the bleached shells were dried in a dry air oven (Thermo
Scientific, USA) at 60 °C for 2 h. Finally, the obtained chitin was deacetylated through a NaOH (50
wt. %, ratio of 1:10) and boiled for 2 h under constant stirring. The resulting product is then rinsed
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with abundant distilled water until neutralized and dried in an air oven at 60 °C for 2 h, resulting in
chitosan.

2.3. Physicochemical Characterization of Chitin and Chitosan

2.3.1. Morphological and Elemental Analysis

The surface morphology of the chitosan powders was analyzed by means of SEM (JSM-6010LA,
JEOL, USA) at 10 kV accelerating voltage. A thin gold layer was sputter-coated. For the chitin sample,
a Field-emission SEM (FE-SEM; Lyra 3 Tescan) was used at 15kV without any coating. The elemental
compositions were analyzed using energy dispersive X-ray spectroscopy (EDX, Brucker XFlash)
coupled to the FE-SEM.

2.3.2. Fourier Transform Infrared Spectroscopy (FTIR)

To evaluate the extraction quality of polymers, samples were analyzed by attenuated total
reflection Fourier transform infrared spectrometer (ATR-FTIR, Frontier, Perkin Elmer, USA) was
used [30]. The spectra were acquired by applying a scanning range of 4000-400cm! and a sweep speed
of 0.5 cm'!/s at room temperature. The resulting spectra were compared to commercial chitosan
(Sigma-Aldrich, St. Louis, USA).

2.3.3. Ash Content

To measure the ash content, 1g of the extracted chitosan was placed in a refractory crucible for
a pyrolysis heating to 600 °C with a heating ramp of 10 °C/min for 5 h using a muffle (Vulcan). The
resulting product was then weighted in an analytical balance. The following formula was used to
calculate the ash level [31]:

MR
Ash% = s X 100 1)

Where “MS” stands for the weight of the initial sample in grams and “MR” is the weight of the
residue in grams.

2.3.4. Total Yield

To calculate the extraction yield of both chitin and chitosan, the following formula was used [32]:

chie eld (%) = Weight of Chitosan % 100 2
itosan yie 0) = Weight of exoesqueletons @

2.3.5. Deacetylation Degree

The chitosan powder was dissolved in HCl excess to protonate the free amino group of the
chitosan chains. Subsequently, a valuation is performed using NaOH until pH stabilization.
Therefore, we generated a titration curve presenting two inflection points. The difference between
the NaOH and the acid required to protonate the chitosan amino groups can be determined by the
expression [33]:

%NH, =

16.1(y — x)
—— xS ©

Where “y” is the major inflection point, “x” is the minor inflection point (expressed in volumes), “f”
represents the molarity of the NaOH solution, “w” is the mass in grams of the samples, and “16.1” is
a factor associated with the type of protein under study. The samples were analyzed using a HATCH
potentiometer, to determine the content amino groups. Chitosan (0.5 g) was diluted into 20 mL of
HCl (0.3 M), and then a NaOH solution (0.1 M) was titrated, measuring pH changes every 2mL of
titrant, under stirring. Finally, a titration curve of pH vs. mL of NaOH added was constructed to
calculate the degree of N-deacetylation of chitosan.
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2.3.6. Degree of N-acetylation

The N-acetylation of chitin was calculated according to equation 4, where the ratio of the FTIR
characteristic bands of Amide I (1630 cm) and the hydroxyl (3437 cm') groups are measured. On the
other hand, for the N-acetylation of chitosan, we followed equation 5, expressing the ratio of the
characteristic bands of amide III (1320 cm™) and the methyl groups (1420 cm™) [34]:

. A1630

Degree of N — acetylation (%) = |——) * 115 4)
3437
. _ (Ai1320

Degree of N — acetylation (%) = 1) 12.2 (5)

1420

Subsequently, the degree of N-acetylation of chitin and chitosan are calculated by applying
Equation 6 [35]:

DA Degree (%) = 100 — Degree of N — acetylation (6)

2.3.7. Molecular Weight of the Biopolymers

The average molecular weight of each sample was determined using capillary viscosity through
a Cannon-Fenske type viscometer at 30 °C (1 °C) [36]. The chitosan samples were prepared in acetic
acid (0.25 M) and sodium acetate (0.25 M). From this mixture, a standard solution of chitosan was
prepared with a concentration of 2 x 103g/mL. Next, the dilution aliquots were prepared at 1.82 x 10-
4g/mL, 3.3 104g/mL, 4.62 10*g/mL, 5.71 10*g/mL, 6.67 10-*g/mL and 7.50 10*g/mL. The calculations
were based on the measurement of the viscosity of the solution compared to the time it takes for a
specific volume to fall through a capillary tube versus the time of the solvent used [37].

2.3.8. Thermal Analysis (DSC)

The Differential scanning calorimetry (DSC; TA Instruments DSC Q2000) was applied by placing
a chitosan prepared sample (1mg) in a stainless-steel crucible, hermetically sealed, and mounted in
the DSC. Then, the samples were heated from 30 °C to 900 °C in ramps of 20 °C per minute in nitrogen
atmosphere.

2.3.9. Thermal Gravimetric Analysis (TGA)

For the TGA test, 1 mg of chitosan, was placed in a thermal analyzer (TA Instruments Q500)
under a constant nitrogen flow, and heated at a ramp rate of 20 °C/min between 25 - 900 °C.

2.4. Preparation for Antibacterial Packaging

Initially, 2 g of the prepared chitosan powder was added to 100 mL of a 2% wt. citric acid solution
at 60 °C under constant stirring for 2 h or until a clear solution was obtained. Subsequently, the
mixture was filtered using a Whatman #1 filter to eliminate any residue present in the solution.
Finally, this working solution was stored at 4 °C until use.

For the casting method, 20 mL of the prepared chitosan was mixed with 0.05 mL of glycerol
solution for 1 h to assess an utterly homogeneous solution. Then, the polymeric solution was drop
cast into a 100 mm diameter polystyrene Petri dish (VWR, USA) without generating any air bubbles.
Finally, polymers were dried using a convection oven at 70 °C for 2 h, and placed in a desiccator for
1 h to avoid moisture residue.

2.5. Active Packaging Characterization

2.5.1. Mechanical Testing

The mechanical properties such as tensile stress (TS), elongation at break (EB), and Young's
Modulus (YM) were determined through tensile testing, following the ASTM D882 [38] norm. The
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INSTRON (Bluehill) was operated at 10 mm/min using test samples (25mm in width and 140mm in
length), a distance between gaps of 100mm, and a grip between gaps of 20mm on each side. For each
test, 5 samples were used. The TS and the EB were calculated with the TS vs. EB curve and Young's
Modulus with the angular coefficient of these curves.

2.5.2. Percentage of Moisture Content, Degree of Swelling and Solubility

The calculation of moisture content (MC) swelling capacity (SP) and solubility (S) of the
antimicrobial packings was performed. 5 pieces of chitosan film (2 x 2 cm) were taken and weighed
(W) on an analytical balance. Then, the pieces were dried in an oven at 100 °C for 24 h, at the end of
which they were weighed once again (W1). The dry samples were immersed in beakers with 50 mL
of distilled water, were they remained under occasional agitation for 24 h at room temperature. Once
the time was over, the samples were filtered using a Whatman #1 filter and weighted once again (W>).
Finally, each piece was dried at 100 °C for 24 h, and the final weight was obtained (Ws). The MC%,
SP% and S% were calculated by using equations 7, 8 and 9 respectively [39]:

MC=—2—"2x100 7
W, )
SP=——1%x100 8
w, ®)
MC=——"2x100 9
w, ©)

2.5.3. Antimicrobial Activity

For the analysis of the antimicrobial properties, individual inocula were prepared in trypticasein
soy broth (Becton Dickinson, Sparks, MD, USA) from fresh colonies of Staphylococcus aureus (S. aureus,
ATCC 25923) and Escherichia coli (E. coli, ATCC 25922) strains. The inoculum was incubated for 24h
at 37 °C under aerobic conditions [40]. Subsequently, each inoculum was adjusted to a concentration
of approximately 1 x 107°CFU/mL in trypticasein soy broth. Then, 0.ImL of each inoculum was
cultured on trypticasein soy agar (15 mL of liquid per 100 mm Petri dish). After 30 min, 4 circular
polymeric samples (10 mm in diameter) were placed on the inoculated trypticasein soy agar plates
and incubated for 24 h at 37 °C. Finally, each agar plate was mounted on a darkfield colony counter
(Reichert, NY, NY, USA), the inhibition zones were measured with an electronic digital caliper, and
digitalized [41].

2.6. Statistical Analysis

The numerical information of the inhibition halos was expressed as the mean + standard
deviation (SD) and analyzed using GraphPad Prism 7 (GraphPad Software Inc., San Diego, CA, USA).
The significance of differences was evaluated using one way analysis of variance (ANOVA) followed
by the Tukey’s multiple comparison test. A P < 0.05 was considered statistically significant.

3. Results and Discussion

3.1. Chitin and Chitosan Extraction

It has been widely described as many naturally occurring chitin and chitosan obtaining sources;
however, the exoskeletons of crabs and shrimps have proved to be the principal industrial and
scalable fountain of importance [35]. Moreover, the exoskeletons commonly used for chitin and
chitosan obtention are composed of organic and inorganic molecules, such as proteins,
carbohydrates, and minerals. Interestingly, the molecular composition of this complex network has
a circumstantial impact on the economics and physiochemistry of chitosan [27,42]. From the
economic point of view, the increase in the percentage of by-products elevates the energy demanding
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period in the demineralization and deproteinization processes, thus far, demanding novel and
efficient extraction and processing alternatives. On the other hand, the physicochemical properties
such as hydrophobicity/hydrophilicity, solubility, cellular responsiveness, and crystallinity degree
are strongly altered parameters that impact the food packaging response of chitosan and its derived
polymers [43].

The Chitin and chitosan biopolymers represent only a fraction of the entire complex network
forming the exoskeleton structure of F. californiensis. Previous research focused on other crustacean
exoskeletons delimit the percentage of chitin between 4 - 36 % and chitosan between 12 — 35 % [44].
For example, Junior et al. obtained a 36% efficiency of chitin (based on exoskeletons) from the shrimp
Litopenaeus vannamei [17]. On the other hand, Rakshit et al. obtained a chitin yield of 23.23% coming
from Litopenaeus vannamei [45]. Moreover, it was reported that Metapeneus monodon could generate
up to 24.33 % chitin and 15.25 % in chitosan of the total weight of the shells [46], and the species
Fenneropenaeus indicus showed 45.14% chitosan throwput [47]. Therefore, our current work suggests
that our extraction protocol yields an efficient obtention performance using F. Californiensis shrimp
(29.33% for chitin and 16.46% for chitosan) being within the required range for these crustacean
exoskeletons [48].

It is crucial to consider the extraction method as a mandatory factor controlling the yielding
efficiency of chitin and chitosan biopolymers from crustacean sources. The chemical method is the
gold standard option for industrial scale level operations, considering the application of strong acids
(e.g., HCI, H2SO4) and alkaline solutions (NaOH, KOH) for obtaining minerals and proteins contained
in the shrimp exoskeletons. Moreover, the chemical method allows precise control of the extraction
process, permitting the establishment of a regulable scaling up of the extraction process [49]. On the
other hand, a biological method can be applied to perform the extraction with non-aggressive and
green chemical processes, using microorganisms that produce enzymes, bacteria, and organic acids
(weak acids) [50]. However, this method is time-demanding (taking several days to accomplish each
extraction step) [51] and can only be applied on a laboratory scale [52]. For example, Cira et al.
reported an average period of 6 days for the demineralization and deproteinization of Penaeus
monodon exoskeleton species using Lactobacillus bacteria [53]. On the other hand, Neves et al.
extracted chitin using the Brazilian farmed shrimp Stenopus hispidus by fermenting it with
Lactobacillus plantarum; the process demanded 72 h [54]. Finally, Xie et al. showed that Penaeus
vannamei (from Chinese coasts) required 96 h fermentation using L. acidophilus and E. profundum [55]
to ensure the extraction and deacetylation procedure. Therefore, considering the above-stated
information for assessing an efficient and high-yielding process, we selected the chemical method for
the extraction of chitin and chitosan from F. Californiensis, shorting the required extraction process
and providing evidence for selecting this crustacean model [9].

The surface morphology analyzed by means of SEM illustrated noticeable differences between
the extracted chitin and chitosan polymers (Figure 3). Moreover, in Figure 3b, we observed that
chitosan presents a homogeneous, smooth, and non-fibrous structure, suggesting a well-orientated
crystalline structure (Figure 3a). Meanwhile, chitin presented regular cracks that could be the result
of the agitation subjected during the deacetylation process (Figure 3b) [38]. In turn, it was found that
the chitosan has little porosity and a regular surface, proposing that the n-acetyl and amino groups
form weak connections among each other, resulting in the chitosan deacetylation [56]. On the other
hand, chitin displayed a laminated and homogeneous surface morphology (Figure 3a), reflecting that
chitin may form a uniform structure. Unlike chitosan, which has some irregularities in its
interlaminar and intralaminar structure, indicating semi-crystalline regions caused by the anisotropic
organization of the intermolecular hydrogen bonds [32]. For example, the occurring chitin and
chitosan structural morphology from Penaeus monodon [18], Parapenaeus longirostris [57], and
Farfantepenaeus aztecus [58], were characterized due to slighter porosity and microfibrillar, compact
and layered arrangements than those observed here. Furthermore, the chemical extraction method
directly influences the modulating chitin and chitosan morphological conditions [22]. Thus, these
structure forming properties are classified as microfibrillar and porosity textures, neither porosity
nor microfibrillar configurations, and lastly, with only microfibrillar architecture [22]. Interestingly,
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it has been shown that the surface structure can modulate the cellular and bacterial behavior [59],
thus far, proposing that the chitin and chitosan smooth and regularly generated surfaces can provide
an antimicrobial response for film applications [48,60].

Figure 3. SEM micrographs of a) chitin and b) chitosan.

The quality of chitosan is one of the most important characteristics that defines its performance
for qualifying in the food-packing industry. Therefore, special attention must be paid to the degree
of N-acetylation/deacetylation, the molecular weight, and the polymer solubility [61,62]. In this work,
we evaluated the purity of the extracted chitin and chitosan by FTIR and compared it to a high-purity
commercially available chitosan standard. In Figure 4, spectra of chitin, extracted chitosan, and
commercial chitosan are presented, showing bands at 3257cm and 2881cm, which are assigned to
N-H and O-H stretching vibrations for chitin [63]. Moreover, bands at 1656cm™ and 1626cm! are
appointed to stretching vibrations to C=O (amide I) and C-N (amide II), respectively. Likewise, the
bands at 1552cm™ and 1375cm! are assigned to C=O stretching vibrations of amide II bonds and
buckling vibrations of amide-NH: bonds, indicating the N-acetylation resulting in modifications.
Finally, a band at 897cm-! corresponding to the CH group of the pyranose and the glycosidic ring [64]
of the polysaccharides was detected [45]. It is noticeable that the bands in the region of 3500-3350cm-
! are absent for the extracted and commercial chitosan, and the signals at 1656cm™ and 1626cm™!
considerably reduced, which demonstrates the correct extraction of chitosan by the method
employed [48]. The experimental and commercial chitosan polymers presented similar spectra,
displaying bands at 3372cm™ and 287cm!, which are assigned to N-H and O-H stretching vibrations
[19]. Further bands at 1586 cm™ and 1374 cm™ corresponding to C=0O stretching vibrations of amide
bonds and buckling vibrations of amide-NH:2 bonds were also present. Finally, the typical C-O-C
stretching vibrations at 881cm- for these carbohydrates were detected. This information suggests that
our extraction method generates a purity level similar to that of commercial reference control,
supporting its application as a packaging coating for the food industry.
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Figure 4. FTIR comparative spectra between chitin, chitosan, and commercial chitosan.

In addition to the differentiation between chitin and chitosan purity, the degree of N-acetylation
was analyzed by FTIR [34]. For chitosan, the characteristic bands of the amide III groups (1630cm-?)
and, as a reference, the methyl groups (3437cm-!) indicate a deacetylation percentage of 80.33%. This
result corroborates that the polymer follows the purity level required since it is within the parameters
established for an application in food packaging (70 - 85%) [49]. Moreover, the molecular weight
represents the average length of the chitosan polymeric chains [57], thus, the sum of the acetylated
and deacetylated units [65], defining the physicochemical, biological, and mechanical properties of
the biopolymer [36]. Although it is not possible to obtain two polymers with the same molecular
weight, the commercial chitosan has been divided as low (1000 g/mol < Mw < 10000 g/mol), medium
(10000 g/mol < Mw < 250000 g/mol) and high (Mw > 250000 g/mol) molecular weight [66]. In this
work, we calculated the molecular weight by intrinsic viscosity, showing 239.23dL/g of viscosity and
a molecular weight of 1.10 x105 g/mol (Figure 5, Table 2). This evidence suggested that the extracted
chitosan falls into a low molecular weight classification, indicating that it is suitable for food
packaging applications due to its biodegradability, biocompatibility, bioactivity, and low toxicity
compared to high molecular weight chitosan [65,67].
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Figure 5. Intrinsic viscosity of chitosan.

Table 1. Comparative analysis of intrinsic viscosity and molecular weight of extracted chitosan and
commercial chitosan.

Material Intrinsic viscosity [n] Molecular Weight
(dL/g) (g/mol)
Farfantepenaeus ca'lzformenszs extracted 23923 1.26 x 105
chitosan
Commercial chitosan 242.54 1.28 x 10°
Table 2. Mechanical properties of chitosan film.
Film TS (Mpa) EAB (%) Young's Modulus (Mpa)
Chitosan Film 1.10+0.32 186.31+90.33 1.565+0.45

The molecular weight, the degree of deacetylation (DDA) of chitosan, and the extraction
conditions are fundamental parameters that directly influence the biological, physicochemical, and
mechanical polymeric properties [7]. Thus, we analyzed the DDA showing 70.85 % achieved by our
protocol, describing the directly proportional relationship between the amino groups and the degree
of deacetylation, so we can determine that the higher the concentration of amino groups, the higher
the degree of deacetylation [61]. In addition, it has been reported that a DDA between 60 - 90%
chitosan could solubilize in organic acids due to the formation of a polycation of the N-amino-D-
glucosamine units [68].

In order to evaluate the purity of chitin and chitosan biopolymers, we tested the thermal
stability, degradation stages, and conditions in the phase transformation process [69]. Thus, the DTG
results (Figure 6) of chitin samples showed an endothermic peak at 47°C (corresponding to water
loss) and at 298°C, corresponding to protein and pigment residues [70]. Moreover, we detected that
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at 400.6°C can take place the acetylation conversion of chitin to an amino group characterized for
chitosan [70]. The prominent endothermic peaks are shown at different temperatures, which
demonstrates the crystallization of chitin, as mentioned above. Interestingly, we can hypothesize that
the hydrogen bonds formed between the fibers bring good thermal stability (high-temperature
transformation phase) to the chitin molecular structure [71]. On the other hand, chitosan (Figure 6c)
manifestoed two degradation stages highlighted by a first endothermic peak at 48°C corresponding
to moisture loss and pressure exerted due to water evaporation [70]. In this regard, polysaccharides
such as chitosan in a solid state possess amorphous structural regions promoting it with a strong
affinity to water absorption and easy hydration [72]. The second endothermic peak was detected at
298°C (Figure 6d), proposing the degradation of the saccharide rings, chain structures, and
deacetylated monomers (amino groups)[64]. It is particularly interesting to focus on the fact that
carbohydrate derived biopolymers, such as those of chitin and chitosan, do not follow a clear glass
transition (Tg). Therefore, we can point out the overcoming parameter of the crosslinking degree,
poor water removal, the sample preparation procedure, the sensitivity of the equipment, and the
measurement technique in the impact of the Tg behavior [73].
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Figure 6. TGA and DTG of a) chitin and b) chitosan.

In Figure 7, we presented the DSC behavior of the chitin and chitosan packing polymers between
0 - 700 °C. Moreover, chitin presents two marked stages of degradation (Figure 7a); the first is given
at 248 °C due to weight loss evaporation of water (6 %) and the hydrophobic groups present within
the chitin chains. The second stage (385 °C) featured the degradation of the polymeric structure,
characterizing the dehydration of the saccharide ring and deterioration of the acetylated units [74].
On the other hand, the chitosan samples showed two phases of weight loss (Figure 7b); initially at 70
°C we detected a first degradation steep due to the loss of water moisture and the subsequent chitosan
degradation when reaching 298 °C (weight loss of 44%). This is related to the depolymerization and
decomposition of the acetyl and amine groups of chitosan [56], which followed a complete
degradation at approximately 425 °C, resulting in a residue of 33.22%.
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Figure 7. DSC analysis of a) chitin and b) chitosan.

Finally, the purity of the extracted chitosan was evaluated by incineration and ash content. Ash
is the inorganic residue remaining after the total degradation of chitosan by calcination. The
measurement of ash content is an important indicator of the content of minerals such as calcium
carbonate, as it shows the effectiveness of the demineralization process. In the extracted chitosan
sample, 0.22% ash was obtained. Regarding the solubility of chitosan and its viscosity, this is affected
by the presence of remaining mineral residues present in the ashes. To have high quality chitosan, it
must have less than 1% of ash content [75].

3.2. Food Active Packaging

Chitosan is a characteristic polymer that stands out from other biopolymers (e.g., collagen,
elastin, and more) thanks to its abundance as raw material, the high solubility in acidic aqueous
mediums (pH < 4), and its antimicrobial properties conducted by the protonation of the amino group
[76]. Thus, we can postulate chitosan and chitosan-derived co-polymers as an excellent precursor
option for industrial applications, especially in smart food packaging [77].

In the alimentary processing sector, food packaging must comply with particular mechanical,
aesthetic, and impermeability characteristics, achieving strict quality controls and legal regulations
[25]. From the mechanical point of view, food packaging must fulfill controllable malleability,
flexibility, and impact resistance. Regarding aesthetics, transparent food packaging is preferred to
facilitate technical and management inspection. Moreover, the packaging should act as an
impermeable barrier between the environment and the food to prevent subsequent moisture-
associated food damage [78]. To meet the traditional requirements for food packaging, our work
evaluated the mechanical (tensile strength, elongation at break, and Young’s modulus), aesthetic
(color), and impermeability (moisture content, degree of swelling, and water solubility) properties of
chitosan films fabricated by the casting method.

The mechanical properties of food packaging materials are crucial to ensure their integrity and
ability to withstand mechanical stress during shipping, handling, and storage. Figure 8 presents the
stress-strain graph of the films made by the casting method, along with the numerical parameters
assessed from the mechanical test (Table 3). The graph shows that the polymer has a wide area in the
elastic zone, split into two parts, with a maximum stress of 0.25MPa in area 1 and 1MPa in area 2.
After reaching the maximum stress, the tensile stress decreases drastically to zero for a strain of 1.5
mm/mm.
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Table 3. Moisture content (MC), swelling power (SP) and water solubility (S) of chitosan film.

Film MC (%) SP (%) S (%)

Chitosan Film 21.74 8.27 64.63
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Figure 8. Tensile strength of chitosan film.

Based on the stress-strain graph obtained for the chitosan film, it is observed that its tensile
capacity is lower compared to other polymers used in the food packaging industry [79].

Chitosan films have low mechanical properties; they are rigid and brittle, because the hydrogen
bonds have strong intermolecular interaction between the polymer chains. The use of plasticizers
helps to improve those mechanical properties by reducing the rigidity [80]. However, the variation
of the films mechanical properties are in function of the molecular weight, deacetylation degree,
source, extraction, manufacturing process, and the plasticizer [81]. Thus, paying special attention of
the applicating polyol glycerol, that have small molecules facilitating the incorporation into low
molecular weight chitosan [82]. Chitosan and glycerol have high affinity, because hydrogen bonds
are formed and it decreases the intermolecular forces in the polymer chain, resulting in permeability
between the molecules, facilitating the intermolecular space and sliding behavior of the chains,
decreasing the cohesion and increasing the force elongation at break [83]. The crystalline domain of
the polymeric chain of chitosan is disrupted by glycerol [80], and the increasing cohesion prevents
the separation structural, so the elongation at break it is indeed increased [81]. In addition, it is known
that glycerol does not have migratory process for food and do not have real problem with human
health, so it is a good choice for food packaging application [84]. Moreover, it was reported by
Mujtaba et al. that chitosan dissolution in citric acid decreases the tensile strength compared to
chitosan dissolved in acetic acid [85]. Therefore, highlighting the importance of food grade accepted
plasticizer for the synthesis of transparent and flexible polymeric films for food packaging protection.

However, when comparing to other chitosan films previously reported, we appreciated that the
film elongation has comparable values. In a study conducted by Park et al., the tensile stress for films
synthesized with a 2% chitosan solution extracted from red crab shell was 6.7 MPa, featuring an
elongation at break of 117.8 MPa [86]. In turn, Smirnov et al. detected a strain stress of 8 MPa and an
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elongation at break of 40 MPa for commercially available low molecular weight chitosan films (Sigma
Aldrich), synthesized with citric acid/choline chloride solution [87].

Therefore, the chitosan extracted from F. californiensis is competitive with current products
achievable in the market. Aesthetic properties, such as film transparency, are critical in the food
packing industry because the user must be capable of detecting any alteration at all times. For this
reason, the film transparency was assessed visually. In Figure 15, the synthesized film has favorable
optical characteristics, as it is completely transparent with a yellowish color, which is distinctive of
chitosan.

Figure 9. Film transparency.

Interestingly, the percentage of moisture content is related to the physical properties of
biopolymers and their barrier capacity, playing a crucial parameter in the food industry. Unlike the
chitosan content, the moisture content of the biopolymer solution is unaffected. In the case of the
chitosan film evaluated here, the moisture content level obtained was 21.74%. This effect can be
explained because the drying time and heat temperature are thermodynamic factors that inversely
affect the moisture content of the films. Therefore, by applying an extended drying period at 40 °C,
we can control the structure of the polymer solution, which is reorganized by the interactions
between the hydrogen bonds and the Van der Waals forces of the water molecules, as well as the
hydrophilic behavior of the chitosan. In this regard, the solution acquires a gelatinous consistency
that subsequently turns into a solid film. On the contrary, if we applied a shortened drying time at
higher temperatures, as occurred in this high heat process (70 °C), the gel formation stage is reduced,
and the solution immediately solidifies as a film, due to the accelerated evaporation of water.
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Consequently, a disordered and fragile biopolymer structure and a low moisture percentage are
obtained [39].

We discovered that the film had limited water absorption, showing swelling of 8.7%, which
indicates that the film had low water-holding capacity in its matrix and was almost impermeable.
This important behavior can be explained by the small amount of glycerol added during the film
preparation [1]. Glycerol is used as a plasticizer agent that has carboxyl and hydroxyl groups,
providing it a hydrophilic nature, so its scarcity in the polymeric material matrix reduced the
interaction with water molecules [39]. Moreover, solubility (S) is an inverse measure of the resistance
of a material to the presence of water and is closely related to the hydrophilic properties of the
biopolymer [88]. Nonetheless, our study indicated that the films have a solubility capability of 64.63
%, which can be attributed to the hydroxyl groups provided by the added glycerol. These groups are
inserted into the polymeric chain of the material and promote the migration of water molecules
among the internal matrix, facilitating the interactions between the sample components. As a result,
swelling of the material is reduced, and dissolution is promoted [89].

In addition to mechanical, aesthetic, and impermeable features, packaging can add specific
functionalities such as preventing product contamination, indicating the product status [90],
determining its pH, or being antimicrobial; those films are considered active or intelligent packages
[91]. In our research, we propose classifying chitosan films as active packaging due to their added
antimicrobial activity.

The antimicrobial effects of the chitosan biopolymer were evaluated against S. aureus and E. coli,
considered critical pathogens commonly generating food contamination and causing gastrointestinal
diseases [92]. The generated inhibition zones are presented in Figure 10, showing an active
antimicrobial action against S. aureus and E. coli. The inhibition capability of our films, in part, can be
explained by the molecular weight and the surface structure. In this regard, the extracted chitosan
showed a low molecular weight, which brings extended increased extension and relaxation of the
polymeric chains when compared to those of high molecular weight [93]. Far more interesting is the
antimicrobial mechanism of chitosan, prominently tailored due to the protonation of the amino group
under acidic conditions, harboring ionic interactions among the bacterial cell membrane. Thus,
orchestrating the hydrolysis of the peptidoglycan layers (at the membrane or cell wall level), resulting
in the rupture and subsequent leakage of cytoplasmatic electrolytes and DNA/RNA components,
leading to bacteria lysis [77,94]. Therefore, the molecular weight of chitosan directly influences on the
antimicrobial action, which could be improved by adding glycerol to increasing the polymeric
response [89].

S. aureus E. coli

£30

E ==
R —

g 201

N

<

2 10-

=]

£

= 0

S. aureus E. coli



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 March 2024 d0i:10.20944/preprints202403.1000.v1

16
Figure 10. Antibacterial activity of the chitosan film.

3.3. Chemical and Thermal Properties of the Film

In order to evaluate the intermolecular interactions of the polymeric functional groups with the
glycerol (plasticizer) in the films we need to pay special attention into the functional bonding groups
[74]. In Figure 11, the chitosan film spectrum reveals the presence of bands at 3247 cm™! and 2878 cm-
1, which corresponds to N-H and C-H stretching vibrations [95], respectively. It could explain that,
the hydrogen bonding of the chitosan chains was disrupted and weakened, due to the polyols of
glycerol interacting by the hydroxyl groups, rather than the amino group of chitosan and conserving
the electrostatic interactions [96].

Moreover, the peaks at 1549 cm! and 1406 cm! are attributed to C=O stretching vibrations of
amide II and buckling vibrations in C-OH [25,78]. Additionally, the 1024 cm! band also displays
stretching vibrations at C-O [82]. The addition of glycerol changes the internal hydrogen bond
interactions, involving the amino group (-NH2) and amido group (NH-) of chitosan, turning the
polymeric chains further mobile, resulting in a more a flexible film [97].

The authors consider that those results significantly explain the physicochemical behavior
achieved for the design of food packaging materials, with advanced and efficient film functional
properties.
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Figure 11. FTIR spectra of chitosan film.

The thermal stability and film properties under storage conditions, the temperature ranges at
which the material degrades, and decomposes were determined by means of DSC, TGA, and DTG.
The DSC thermograms of the chitosan biopolymer (Figure 12a) show the formation of endothermic
peaks (62 °C and 194 °C) and an exothermic transition at 262 °C. The first endothermic peak is due to
the loss of water molecules in the chitosan, which releases the bonds of the hydrophilic groups of the
chitosan molecules, leading to dehydration of the polymer [74,98]. The second peak (194 °C)
corresponds to the Tg of the polycarbohydrate, which indicates the change from a glassy to a rubbery
state. This event is associated with an increase in the viscoelastic nature of the material. Thus, a
subsequent peak before this phase is expected be observed indicating, the melting points. However,
the polysaccharide nature of chitosan does not allow melting transformation, instead, it undergoes
thermal degradation at relatively low temperatures. Consequently, the exothermic peak is observed
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in the material, corresponding to the thermal degradation of chitosan. At this point, the molecular
structure of the chitosan is affected by the onset of degradation of the glucosamine units present in
polymeric composition [73].
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Figure 12. Thermogravimetric analysis of chitosan film: a) DSC, b) TG and DTG.

The TGA and DTG curves of the analyzed materials (Figure 12 b, c) show the weight loss stages
located at approximately 50 °C, displaying a weight loss of 0.41%, attributable to the removal of the
water in the sample. During this process, the water molecules release the amino and hydroxyl
functional groups of the chitosan [72]. Subsequently, at 175 °C, a second stage of weight loss is
observed, corresponding to glycerol degradation with a 6.15% decrease in weight. It should be noted
that glycerol has a lower decomposition temperature than chitosan, resulting in a reduction of the
thermal stability of the polymer. This decomposition weakens the hydrogen bonds in the chitosan
network, promoting the mobility of the molecular chains and, consequently, reducing the
crystallinity [99]. The third stage starts at 209 °C (Td) with a weight loss of 23.87%, indicating the
thermal degradation zone of the polymer. This process continues until total degradation was reached
at 357 °C. Next, a residue of 20.32% was detected, which corresponds to the minerals and inorganic
compounds present in the chitosan solution used to manufacture the polymer [73].

Finally, the surface materials were characterized using SEM (Figure 13). The micrographs
revealed that the film exhibits a smooth and homogeneous surface with small wrinkles characteristic
of the marks left by the mold used in the casting method, suggesting efficient compatibility between
chitosan and glycerol. Some white spots were observed in the images, which correspond to residues
remaining from the filtration process of the chitosan solution prior to casting [73]. These results
propose that the chitosan content and the amount of added glycerol do not alter the structure and
morphology of the films [89].
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Figure 13. SEM micrograph of chitosan film.

4. Conclusions

This study assesses the physicochemical properties of chitin and chitosan extracted from
exoskeletons of F. californiensis, as well as the potential application in food packaging as an active
film. The main findings of the work are as follows:

e  The extraction purity demonstrated that F. californiensis is a potential source for obtaining high-
quality chitin and chitosan. Our method yields an ideal low molecular weight natural polymer
for the packaging industry.

e  The application of the extracted chitosan by the casting method proved to be an effective
strategy for creating active packaging films, showing antibacterial action against common
enteric infection agents.

e  The mechanical properties of the film are not as efficient as synthetic polymeric films, but it
can be increased adding other additives o making blends with other biopolymers.

The results highlight the potential economic and environmental benefits of using natural
polymers as an innovative approach for active packaging. Furthermore, the use of exoskeletons of F.
californiensis, a by-product of the fishing industry, demonstrated to promotes sustainability by
reducing waste generation.
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