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ARTICLE INFO ABSTRACT

Keywords: Developing biodegradable active films has been a promising green approach to overcoming global concerns over
Active chitosan film the environmental pollution and human health caused by plastic utilization. This study aimed to develop active
Crayﬁs'h films based on chitosan (CS), produced from waste crayfish (Procambarus clarkii) shells enriched with bioactive
z;if:ﬁfi:ﬁrw extract (5-20%) of propolis (PS) and to characterize its properties, envisaging food packaging applications. The
Antimicrobial chromatographic profile of PS extract confirmed its richness, with 41 phenolic compounds. With increasing

extract addition to the chitosan, the thickness of the films increased from 61.7 to 71.7 pm, causing a reduction in
the light transmission rate, along with a greenish colour shift. The interactions between PS extract and CS was
confirmed by infrared spectroscopy, at the same time that the microstructural integrity of the films was checked
on the scanning electron microscopy micrographs. The findings also showed that addition of PS enhanced the
films thermal stability and mechanical properties e.g., tensile modulus, yield strength, and stress at break. Be-
sides, it improved the antioxidant and antimicrobial activities. Overall, CS-based composite films seem a
promising green alternative to petroleum-based synthetic plastics allowing to extend the shelf life of food
products due to their eco-friendly nature.

Biodegradable film
Food packaging

1. Introduction activities, makes them as good candidates for both extending the shelf-

life and increasing the quality of food products [6].

The generation of large amounts of waste as a consequence of the
intensive use of petroleum-based plastics by the food industry has raised
the concerns of society and, particularly, the scientific community.
These wastes, which are formed as a result of food packaging and dis-
tribution, cause serious environmental pollution owing to non-
biodegradability [1]. Biopolymer-based packaging materials have
been devoted to considerable attention as a green alternative to
replacing synthetic plastics towards a sustainable environment [2-4].
The use of various natural polymeric materials such as polysaccharides,
proteins, and lipids in active food packaging may help to meet this need,
especially those that are recovered from industrial wastes and under-
used sources [3,5]. Active films prepared from such sources are biode-
gradable, which combined with their antioxidant and antimicrobial
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Among biopolymers, active films based on chitosan (poly-p-(1-4)-N-
acetyl-D-glucosamine), which is obtained from the deacetylation of
chitin, is a promising candidate with a broad range of applications in
many fields such as food, pharmaceuticals, agriculture, and cosmetics,
directly or indirectly, due to its biocompatible, non-toxic, biodegradable
and excellent film-forming properties [6-8]. However, in opposition to
these favourable properties of CS-based films, they have some disad-
vantages, including low UV light barrier and limited mechanical prop-
erties. Along with this, their inherent hydrophilic nature makes CS films
highly sensitive to moisture, which is another considerable drawback for
packaging products with high water activity/content [2]. Thus, natural
bioactive agents such as phenolic compounds, essential oils, and plant
extracts, or nanocrystals and nanofibers from biopolymers are
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commonly explored to overcome such obstacles and strengthen the
physical and mechanical properties of CS films, but also to their bio-
logical activity [9-15].

Even though CS has inherent antioxidant and antimicrobial activity,
it may not always be at a level to prevent intense microbial growth and
oxidation in the ambient and therefore the adding of natural antioxidant
and antimicrobial compounds to provide a high level of food safety and
quality allows the development of active packaging based on a sus-
tainable approach [2]. In this regard, PS or bee glue is a potent source of
natural bioactive compounds to be incorporated into biopolymeric
matrices [4,16]. PS is a chemical weapon of bees against pathogenic
microorganisms and diseases and is used for the continuous mainte-
nance of a healthy hive. It is a resinous substance collected by foragers
bees from buds and plant exudates, that is mixed with secretions from
their glands [17]. Over 300 volatile and non-volatile components have
been specified in PS around the world [18]. In accordance with the
literature, although the different PSs demonstrate a broad variety of
chemical compounds, phenolics represent the predominant family
[18,19]. Additionally, it has been confirmed that phenolic compounds,
together with terpenoids play an important role in the biological activity
of PS [20,21]. These characteristics make PS a suitable natural source for
exploitation in active film production.

Previous studies have demonstrated that the addition of PS, as a
natural agent, into polymers such as starch, gelatine, carrageenan, CS,
polypropylene, and ethylene vinyl alcohol increased the physicochem-
ical properties and biological activities of the films [4,16,22-24].
However, there are quite limited studies reporting the characterization
and biological properties of CS films enriched with PS.

Thus, this study aimed to produce biodegradable composite films
based on CS obtained from waste crayfish shells and reinforced with PS
extract at different ratios. The produced films were characterized either
for the physicochemical (colour, thickness, optical transmittance,
Fourier transform infrared (FT-IR) spectroscopy, thermogravimetric
analysis (TGA), scanning electron microscopy (SEM), mechanical
properties, degradability in nature) and biological properties (antioxi-
dant, anti-bacterial, anti-fungi, and anti-mould activity).

2. Materials and methods
2.1. Chemicals and reagents

Ethanol (absolute, >99.8%), acetonitrile (HPLC grade, >99.9%),
hydrochloric acid (analytical reagent grade), sodium hydroxide
(analytical reagent grade), chloroform (analytical reagent grade),
methanol (HPLC grade, >99.8%), acetic acid (analytical reagent grade)
and potassium persulfate (ACS grade, 99+%) were purchased from
Fisher Scientific (Pittsburgh, PA, USA). Glycerol, 2,2-diphenyl-1-picryl-
hydrazyl (DPPH), 2,2'-azino-di-(3-ethylbenzthiazoline sulfonic acid)
(ABTS), caffeic acid, p-coumaric acid, kaempferol, pinocembrin and
chrysin were purchased from Sigma-Aldrich (St. Louis, MO, USA), and
all of them were of analytical grade. Purified water, treated in a Milli-Q
water purification system (TGI pure system, Houston, TX, USA), was
used in all the experiments.

2.2. Sample collection and preparation

The propolis sample (from Apis mellifera hives) was obtained from
local beekeepers at Braganca, Northeast of Portugal, in 2020, and cor-
responds to typical poplar type from temperate regions. The crayfish
(Procambarus clarkii), which is an invasive species in Portuguese fresh-
waters, were collected in the river (Fervenca river) in Braganca,
Portugal in September 2020.

2.3. Preparation of propolis extract

The PS extract was obtained by a hydro-ethanolic extraction
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procedure [21]. Briefly, 20 mL of 80% ethanol/water was mixed with 2
g of PS and kept at 70 °C, at 65g for 1 h. The mixture was then filtered
through the Whatman No 4. filter paper and the residue was re-extracted
under the same conditions. After combining the extracts, the solvent was
evaporated in a rotary evaporator (model Hei-VAP from Heidolph,
Schwabach, Germany) at 40 °C. In the last step, the PS extract was
freeze-dried using a lyophilizer (FreeZone 4.5 model 7750031 from
Labconco, Kansas City, KS, USA) and stored at room temperature until
further analysis.

2.4. LC/DAD/ESI-MS" phenolic compounds analysis

For the analysis, PS extract (20 mg) was dissolved in 2 mL of 80%
ethanol/water. The solution was filtered through a 0.22 pm membrane
and kept in the freezer at —20 °C, until analysis.

A Dionex UltiMate 3000 ultra-pressure liquid chromatography in-
strument connected to a diode array and attached to a mass detector was
used for LC/DAD/ESI-MS" analyses (Thermo Fisher Scientific, San Jose,
CA, USA). LC was run in a Macherey-Nagel Nucleosil C18 column (250
mm X 4 mm id; particles diameter of 5 mm, end-capped) and the tem-
perature was kept constant at 30 °C. The conditions applied in the liquid
chromatography were based on previous work [25]; the flow rate was 1
mL-min~?, and the injection volume was 10 pL. The final spectra data
were accumulated in the wavelength interval of 190-600 nm, (see
Supplementary material for the conditions of LC/DAD/ESI-MS" anal-
ysis). Quantification was achieved using calibration curves for caffeic
acid (0.0187-0.4 mg:mL™}; y = 6.0 x 10”x — 26,360; R? = 0.996), p-
coumaric acid (0.0187-0.5 mg~mL’1; y = 9.0 x 10% — 35,105; R? =
0.999), kaempferol (0.075-1.6 mg-mL™; y = 1.0 x 10%k — 58,666; R? =
0.997), pinocembrin (0.0375-0.8 mg-mL™%; y = 2.0 x 10%% — 52,498;
R? = 0.997), and chrysin (0.0375-0.8 mg-mL™}; y = 4.0 x 10% —
18,959; R = 0.999). When the standard was not available, the com-
pounds were quantified using the calibration curve of the structurally
closest standard, and the final result was given in equivalent terms,
expressed as mg-g~' of PS extract. The analysis was performed in
triplicate.

2.5. Chitin isolation and chitosan production

Isolation of chitin and production of CS were performed according to
the procedure outlined by Duman et al. [26]. Accordingly, after washing
the crayfish shells with deionized water, the samples were dried at room
temperature and ground in a mortar. In the first step, which was the
demineralization process, 20 g of the sample was refluxed with 2 M HCl
at 100 °C for 4 h. Afterwards, the samples were refluxed with 2 M NaOH
for 18 h at 100 °C to obtain protein-free samples. In the final step, the
samples were exposed to a mixture of deionized water, methanol and
chloroform in a ratio of 4:2:1 for 2 h, at room temperature, to remove oil
and pigments. The samples were then dried in the oven at 40 °C, for 72 h,
to obtain chitin. After each of these steps, the samples were washed with
deionized water at neutral pH (pH = 7.0).

To obtain pure CS, 3 g of dried chitin was refluxed with 60% NaOH at
100 °C for 4 h and then washed with deionized water to neutral pH.
Finally, the CS was dried in the oven at 40 °C, for 48 h. Chitin isolation
and CS production were performed in triplicate to determine the % of
chitin content and CS productivity from this chitin source.

2.6. Films preparation

Film production was carried out according to Kaya et al. [11] with
some minor modifications. Four different film-forming/coating solu-
tions were prepared to contain 0% (w/w), 5% (w/w), 10% (w/w) and
20% (w/w) of PS extract by weight of CS. CS control film, without PS
extract, was coded as CS-C, while films containing 5%, 10% and 20% of
PS extract were coded as CS-PS5, CS-PS10 and CS-PS20, respectively.
Briefly, 2 g of CS was dissolved in 100 mL of acetic acid solution (1% v/
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v), with stirring (500g) for 24 h. Then, 1 mL of PS extract, prepared in
80% ethanol/water and glycerol (30% w/w of CS), were added to the
film-forming solution. The solution was mixed using a homogenizer
(Heidolph, Silent Crusher M, Schwabach, Germany) at 26,000g for 15
min and then subjected to ultrasonic treatment (J.P. Selecta, Barcelona,
Spain) for 10 min, to remove air bubbles. A total of 20 mL of solution
was poured onto a Petri dish (11 cm diameter) and left to dry at 25 °C
and 50% relative humidity, at a drying oven (Memmert UNE400,
Schwabach, Germany) for 48 h.

2.7. Physicochemical properties of films

2.7.1. Appearance and thickness measurement

The thickness of the produced films was measured with a digital
micrometer (Mitutoyo, Kanagawa, Japan), and calculated using the
average of nine measurements taken in different parts of the films.

2.7.2. UV-Vis light transmittance and colour

The UV-Vis light transmittance of films (2 x 2 cm) was measured
from 400 to 700 nm using a spectrophotometer (V-730 UV-visible
Spectrophotometer, Tokyo, Japan) [11].

The colour of the samples was analysed with a portable colourimeter
CR400 from Konica Minolta (Chiyoda, Tokyo, Japan), at three different
points, using film sections with 3 x 3 cm dimensions. The samples were
evaluated using the CIELAB colour scale: L* = 0 (black) to L* = 100
(white); —a* (greenness) to +a* (redness); and —b* (blueness) to +b*
(yellowness). The colourimeter was calibrated using a standard white
plate as a blank. The colour difference (AE*) was calculated according to
the following Eq. (1) [27]:

2 2 3
AE = \/(medarl - Lsampl(') + (a.\-mndmr - a.mmp[(’) + (b:taudart -b Sample)

@

2.7.3. Fourier transform infrared (FT-IR) spectroscopy

FT-IR spectra were recorded for pure CS, PS extract, and for the films,
using an FTIR (model: MB3000, ABB Inc., Quebec, Canada) equipped
with attenuated total reflection (ATR) [11]. Spectra range was fixed
between 4000 and 600 cm ™! with a resolution of 8 cm ™. Spectra were
processed using Horizon MB v.3.4 software (Cologne, Germany). The
degree of deacetylation (DD) was calculated using Baxter's Eq. (2) [28]:

100
X —
1.33

where Ajgs5 and Asgso correspond to the area of the peaks centred at
1655 and 3450 cm ™2, respectively.

Ajess
DD = 100 —
<A3450

(2)

2.7.4. Thermogravimetric analysis (TGA)

Thermal stability of CS, PS extract, and for the films were analysed
using a NETZSCH - TG 209 F3 Tarsus (Netzsch, Selb, Germany) ther-
mogravimetric analyser equipment [29]. The samples were heated from
30 to 700 °C in a nitrogen atmosphere (40 mL-min~!) ata scanning rate
of 10 °C-min” L. Thermogravimetric (TG) and derivative curves (DTG)
were obtained using Netzsch Proteus thermal analysis (v.5.2.1)
software.

2.7.5. Scanning electron microscopy

The surface morphology of the films was examined by scanning
electron microscopy, using a Phenom Pro SEM system (Phenom, Eind-
hoven, Netherlands) with 15 kV and magnification range
160-350,000x.

2.7.6. Mechanical properties
The mechanical properties of the films were analysed using a me-
chanical tensile tester (Shimadzu Autograph AGS-X Series, Kyoto,
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Japan) equipped with a 10 kN load cell and pneumatic clamps to fix the
samples. For each sample, 5 replicates of 20 mm x 30 mm dimensions
were tested and a crosshead speed of 5 mm-min~'. Tensile modulus,
yield strength, stress at break, and strain at break of the films were
determined from stress-strain curves of five specimens of each series.

2.7.7. Biodegradability

The biodegradation of CS-C and CS-PS composite films was tested
with two different methods: water solubility and soil degradation.

The water solubility of the produced films was determined gravi-
metrically at 24 + 1 °C according to a previously reported method, with
minor modifications [11]. After drying the films to constant weight in
the oven at 50 °C, they were cut into 2 x 3 cm pieces and incubated, for
48 h, in Petri dishes containing 30 mL of deionized water. Then, the film
samples were retrieved and dried at 50 °C for additional 24 h. The dried
film samples were weighed, and the weight loss % calculated according
to Eq. (3):

%BWL = (W) x 100 3)

where WL is the weight loss, W; the initial weight and Wy the final weight
of the samples.

The soil degradation of the CS-C and CS-PS films was performed
according to the method specified by Kaya et al. [11]. Briefly, different
plastic containers were filled with soil (organic matter content: 50%; pH:
6.0-7.0; conductivity: 40-80 pS-cm™%; bulk density: 520 kg-cm™>) for
each tested film sample. Then, the dried films (2 x 3 cm) were buried at
5 cm below the surface of the soil and incubated at 25 + 1.0 °C for 15
days. 10 mL of water was added to the samples daily to keep the soil
moisture at 40%. After 15 days of incubation, the samples were retrieved
from the soil, dried in an oven at 50 °C, and weighed. The soil degra-
dation of the samples was calculated using Eq. (3). All tests were per-
formed in triplicate.

2.8. Biological properties of films

2.8.1. Antioxidant activity

Antioxidant capacities of CS-C and CS-PS films were measured by
DPPH and ABTS radical scavenging activity assays.

DPPH radical scavenging activity of the films was determined ac-
cording to Aylanc et al. [29]. The film samples (10 mg), cut into small
pieces (<4.0 mm), were placed in test tubes, mixed with 1 mL of DPPH
solution (concentration: 6 x 10> M) and incubated in the dark, at room
temperature, for 30 min. After this period, the absorbance was measured
at 517 nm using a UV-Vis spectrophotometer (Centurion K2R series,
Chichester, UK). The results were given as a percentage using Eq. (4):

4

A control

Acon rol — Asam} e
Inhibition (%) = <#) x 100

where A onro is the absorbance of DPPH solution while Aggmpie is the
absorbance of film sample with DPPH. All tests were performed in
triplicate.

The ABTS assay was performed by modification of the method pre-
viously reported [30]. Briefly, the ABTS stock solution was prepared by
reacting ABTS (7 mM in deionized water) with 2.45 mM potassium
persulfate. The mixture was left at room temperature for 16 h in the dark
until it reached a stable oxidative state. ABTS working solution was
prepared by diluting with ethanol to give an absorbance of 0.70 + 0.05
at 734 nm. 1 mL of the working solution was mixed with 10 mg of the
film sample and then incubated in a dark room, at room temperature, for
10 min. The absorbance of the samples was measured using a UV-Vis
spectrophotometer (Centurion K2R series, Chichester, UK) at 734 nm.
The results were given as a percentage using Eq. (4). All tests were
performed in triplicate.
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2.8.2. Antimicrobial activity

The antimicrobial activity of the composite films was evaluated
against different microorganisms: bacteria: Staphylococcus hominis
(S. hominis), Pantoea sp., Arthrobacter sp., Erwinia sp., Bacillus cereus
(B. cereus), Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus);
yeast: Metschnikowia rancensis (M. rancensis); and moulds: Cladosporium
sp., Penicillium brevicompactum (P. brevicompactum), Botrytis cinerea
(B. cinerea) and Alternaria sp. (see Supplementary material Table S1 for
microorganisms references).

The antimicrobial activities on food and human pathogen microor-
ganisms of the CS-C and CS-PS films were determined using the agar
drop diffusion method, according to the previously described procedure
[31]. Briefly, agar plates were surface-inoculated with the microorgan-
isms by homogeneously spreading the cell suspension with a swab, and
then 50 pL of each film solution was loaded directly onto the agar. The
tests were performed on a 12 x 12 cm plastic plates containing the
culture media indicated in Table S2, depending on the type of micro-
organisms. Beside the films containing 0%, 5%, 10% and 20% PS
extract, the commercial fungicide Teldor® (Bayer CropScience, Ger-
many) and the antibiotic ampicillin sodium salt were also used as pos-
itive controls against fungi and bacteria, respectively, with a
concentration of 1.5 mg-100 mL™. A solution of glycerol, ethanol and
acetic acid (constituents of films) was applied as a negative control. The
plates were incubated under the conditions described in Table S2. All
tests were performed in triplicate.

2.9. Statistical analysis

All results were subjected to statistical analysis and denoted as mean
+ standard deviation (SD). The data were analysed using GraphPad
Prism version 8 (San Diego, CA, USA). One-way analysis of variance,
followed by Tukey's multiple comparison test, was conducted to see
whether there is a statistical significance. p < 0.05 was considered as
significant.

3. Results and discussion
3.1. Polyphenolic compounds profile of propolis

Polyphenolic compounds in PS extract were evaluated by LC/DAD/
ESI-MS". The chromatogram allowed the identification and quantifica-
tion of a total of 41 compounds, with the results given in Fig. 1 and
Table S3. The identification was done by comparing the fragmentation
in MS" spectra and the spectral information from UV in negative ion
mode, with those available in the literature. Compounds such as caffeic
acid (m/z 179), p-coumaric acid (m/z 163) and isoferulic acid (m/z 193)
were the main phenolic acids present in the PS extract, while quercetin
(m/z 301), pinocembrin (m/z 255), chrysin (m/z 253), galangin (m/z

Relative Absorbance (%)

Time (min)

Fig. 1. Chromatographic profile of PS extract.
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269), pinobanksin (m/z 271) and its derivatives were the main flavo-
noids. PS from temperate zones including Portugal is generally of the
poplar type [18], being the phenolic profile of PS sample in accordance
with this PS type [17,32].

The flavonoids provided the largest quantitative contribution to the
total phenolic composition of PS, and this was significantly (p < 0.05)
higher than that of the phenolic acids. Pinocembrin was the major
compound with a concentration value of 92.6 + 0.0 mg-g~}, followed by
pinobanksin 3-O-acetate, galangin and quercetin with values of 89.4 +
2.0 mg-g~ !, 69.4 + 2.1 mg-g ! and 57.0 + 0.3 mg-g '. The findings
reported by Wozniak et al. [33] and Souza et al. [34] indicate that the
high phenolic compounds content of PS extracts effectively reflects their
biological properties like high antioxidant and antimicrobial. Indeed, it
is well known that high concentrations of phenolic substances or the
presence of certain specific compounds, such as quercetin, show strong
biological activities [18,21,35]. E.g., Pobiega et al. [36] attributed the
biological action of pullulan coating containing ethanolic PS extract to
the presence of high concentrations of phenolic acids and flavonoids
such as cinnamic acid, chrysin, pinocembrin, quercetin and galangin.

3.2. Chitin content and chitosan yield

The chitosan yield of the complete procedure was recorded as 16%,
corresponding to a chitin isolation from dry crayfish shells of 19%, and
chitosan productivity from chitin of 83%. In previous studies, it was
reported that the values of isolated chitin may range from 3 to 28%
when using dry shells or different body parts of Euphausia superba,
Rhinolophus hipposideros, Catharsius molossus, Penaeus monodon, Schis-
tocerca gregaria, Apis mellifera and Calosoma rugosa, while the produc-
tivity of chitosan from chitin was estimated around 72-79% [37-40]. In
a study conducted by Abdou et al. [41], the chitin content of crayfish
was found to be 20%, which is in agreement with the obtained results.

3.3. Thickness, appearance, light transmission and colour of films

The thickness, colour, and light transmittance properties of the
biopolymer-based films are parameters of considerable influence in food
packaging and coating applications since they can positively or nega-
tively affect both the quality of the applied food and consumer decisions.
The appearance and thickness of CS-C and CS-PS films are shown in
Figs. 2 and 3A, respectively. The overall appearance of the CS-C film was
transparent with a thickness of 61.7 £ 9.8 pm. The inclusion of different
proportions of PS extract (5%, 10% and 20%) showed a progressive
increase in their thickness: 66.7 + 8.2 pm, 70.0 + 8.9 pm and 71.7 +
7.5 pm, respectively, but with no statistically significant difference (p <
0.05) among them. This behaviour was observed also with the addition
of Berberis crataegina's fruit extract and seed oil to the CS film, increasing
the film thickness from 45.4 + 30.5 pm (control) to 99.2 + 9.7 pm (fruit
extract) and 84.8 + 3.1 pm (seed oil) [12], and may be associated with
different crosslinks established between the CS and the extracts.

Exposure of packaged food products to UV-vis light can cause an
easily oxidative deterioration, undesirable colour change, and flavour.
The optical transmittance of the films was measured in the visible light
spectrum, Fig. 3B. The film transparency decreased with the addition of
PS extract to the CS film matrix, with significant changes in the trans-
mittance value for wavelengths below 450 nm, especially for CS-PS20
film, compared to the control CS-C film. The transmittance at 700 nm
was recorded as 90.9% for CS-C film, while the recorded values for CS-
PS5, CS-PS10 and CS-PS20 films were 86.6%, 84.1% and 61.8%,
respectively. The increase of PS concentration in the composite films
showed a correlation with the decrease in their light transmission rate. A
similar trend was observed in previous studies, reporting that the
incorporation of extracts or essential oils to the CS film matrix causes a
decrease in the film light transmittance rate together with increasing the
film thickness [11-13,30].

Colour parameters including L*, a*, b*, and AE* values of CS-C and
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Fig. 2. A) Hydro-ethanolic PS extracts at different concentrations and B) the visual appearance of CS-C film and the CS-PS composite films with incorporated

PS extract.
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Fig. 3. A) Thickness and B) light transmittance of the CS-C film and the CS-PS composite films. ns: not significant.

CS-PS composite films are given in Table 1. For the CS-C film, a value of
88.2 + 0.7 was measured for the lightness, L*. A decrease of the L* value
was observed in parallel with the increasing addition of PS to the CS film
matrix, with statistical significance (p < 0.05) among the results. With
the exception of the CS-C film, the a* parameter had slightly negative
values indicating that the CS-PS composite films shifted towards a

490

greenish colour without significant difference among them. The results
also demonstrated that there were larger differences among the b*
values of the films compared to the other colour parameters, which
increased depending on the amount of PS extract added to the film
matrix. The colour difference, represented as AE*, was calculated as
82.6 £ 0.6 for the CS-C film. This value increased with the percentage of
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Table 1

L*, a*, b* and AE* parameters for the colour of the produced films.
Film L* a* b* AE*
cs-C 88.2 + 0.7° 0.5+ 0.1° 12.3 +0.1¢ 82.6 + 0.7°
CS-PS5 85.6 + 1.0° ~1.6 £ 0.5° 33.2 +2.7° 85.0 + 1.2°
CS-PS10 84.6 + 1.1 -1.8+1.0° 39.6 + 3.0° 86.6 + 0.6"
CS-PS20 82.3 + 1.0° 2.5+ 0.7° 51.0 + 2.1° 90.1 + 1.0°

Values are given as mean + SD (n = 3). Different letters in the same column
show significant differences (p < 0.05).

PS in the film and reached 90.1 + 0.6 at the highest concentration
(20%), which is a similar trend to that reported by Yang et al. [42] with
the addition of 1.0% syringic acid, causing an increase in AE* value from
18.6 to 36.5. The behaviour in the colour parameters, and particularly
a* and b* showed that the colour of the films with PS move towards
greenish-yellowish tones, whereas the L* value confirmed that the films
becomes darker. This could be attributed to the pigments present in the
chemical composition of PS and is consistent with other reported results
of films from different biopolymers containing PS extract [16,23,43].

3.4. Structural properties

The FTIR spectra of CS, PS extract and films are presented in Fig. 4. In
the CS, the peaks at 3356 and 2878 cm ™! were related to the ~-OH bonds
and aliphatic C—H stretching vibration of CS [11]. The peaks at 1651,
1558, 1373 and 1026 cm ™! were attributed to C=0 stretching (amide I),
N—H bending (amide II), C—N stretching (amide III), and C—O
stretching of alcohol groups, respectively [11]. In the PS extract, the
band detected at 3271 cm ™! was due to the ~OH groups of the phenolic
compounds of PS or moisture, while bands at 2916 em ! and 2854 cm ™!
were due to the asymmetric and symmetric stretching of CHj, respec-
tively [44]. Besides, the peak found at 1682 cm™! in PS extract was
attributed to C=O0 stretching of flavonoids, at 1605 cm™! and 1512
cm ™! to aromatic ring deformations and at 1258 cm ™! to the vibration of
C—O group of polyols, e.g., hydroxyflavonoids [45,46].

The FTIR spectra of the CS-PS5, CS-PS10 and CS-PS20 composite
films showed a similar pattern to the spectra of the CS-C film, with slight
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changes at wavelengths of certain peaks and in their transmittance
densities. The peak of 3263 cm™! attributed to —OH stretching was
similar to CS-C, CS-PS5 and CS-PS10 films, while it is shifted to 3271
em™! in CS-PS20 film with increasing PS concentration. The peaks at
2924 cm™! and 2878 cm ™! exhibited stronger peak intensities in the PS
containing films compared to the control film likely owing to stretching
vibrations of the C—H bond in ~-CH; and —~CH3 groups of PS [16]. The
peak of 1643 cm ™, belonging to C=0, was similar for CS-C film and CS-
PS5 but shifted to 1636 cm ™! in films with 10% and 20% of PS. This may
be due to the effects of the benzene ring of the PS extract on the CS film
matrix [45]. Along with this, there was no change in wavenumbers in
the amide II band for all films, except for the transmittance densities. In
the amide III band, responsible for C—N stretching, the CS-PS5, CS-PS10
and CS-PS20 films shifted to a higher wavelength and presented a more
distinguishable shape with the increasing of PS concentration, while no
significant peak was observed in the CS-C film. The absorption shifting
to higher wavelengths could be explained by the resulting conjugation
from the formation of covalent bonds between the reactive groups of CS
and the aromatic ring of phenolic compounds in PS [47]. The covalent
and hydrogen bonding between CS and PS occupy the functional groups
of CS, thereby reducing the free hydrogen group which can form hy-
drophilic bonding with water, thus reflecting on the mechanical and
barrier properties of the films [16]. According to the obtained results
from FTIR, the shifting or broadening of some absorption bands reveals
the existence of intermolecular interaction between the OH and NH,
groups in CS and the phenolic compounds in PS extract, in agreement
with previously reported studies [16,47,48], confirming the above
mentioned changes on the film crosslinks, that influence the film
thickness.

The degree of acetylation (DD) may vary for different CS sources
which may affect its properties [49]. In our study the DD for the CS
obtained from crayfish shells was calculated as 29%, which is lower than
for Metapenaeus stebbingi (92.2%) [50] and Rhinolophus hipposideros
guano (61%) [39], but higher than the value reported for Euphausia
superba (11.3%) [40] and Dociostaurus maroccanus (22%) [51].
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Fig. 4. FT-IR spectra of pure CS, PS extract, CS-C film and the CS-PS composite films.
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3.5. Thermal properties

The results of TG/DTG analyses of CS, PS, and films are given in
Fig. 5. As visualized in the figure, the mass loss for CS and PS occurred in
two stages. The first loss between 30 and 100 °C (CS: 10.1% and PS:
1.1%) was due to the evaporation of water and ethanol in their struc-
tures. The second mass loss of 46.0% and 66.9%, occurring between 100
and 700 °C, was attributed to the decomposition of their structure, with
the maximum degradation recorded at 303.7 °C for CS and 336.0 °C for
PS [11,44]. In the case of the films, the mass loss occurred in three
stages: i) around 8.9% at 30-100 °C, due to the evaporation of water in
the polymeric structures; ii) an average of 11.4% at 120-220 °C, cor-
responding to the decomposition of low molecular weight compounds of
the PS and glycerol and; iii) the main mass loss at 230-300 °C, attributed
to the denaturation of CS polymeric structure and PS extract [11]. After
the applied maximum temperature, the remaining ash content was
recorded as 34.0% for CS, 28.4% for PS, and an average of 30% for the
films.

The thermal stability of the composite films increased with the
concentration of PS extract which could be the result of the higher
degradation temperature of PS compared to CS, as demonstrated in
Fig. 5, and the interactions between PS and the CS matrix. Since the
thermal stability of the films is also related to the crystal structure [42],
increasing PS concentration may have resulted in higher crystallinity
and consequently more energy was needed to destroy the crystalline
structure. Similarly, the reported TGA results for CS-banana peels
extract [30] and CS-Nigella sativa seedcake extract [52] composite films
was emphasized that thermal stability demonstrated an increasing trend
with the addition of extracts to the film matrix. Besides, the current
findings are in agreement with those reported by other authors for the
thermal properties of films produced by adding different plant extracts
and oils to the CS film matrix [11,53].

3.6. Microstructure of films

The surface characteristics of CS-C film, CS-PS5, CS-PS10 and CS-
PS20 composite films are presented in Fig. 6. The surface morphology

100
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of the control film (Fig. 6A) were almost identical when compared to the
CS-PS5 and CS-PS10 films (Fig. 6B and C). In the case of CS-PS20
(Fig. 6D), some homogeneously distributed greyish spots were
observed in the film. A similar situation was noted for the starch and
gelatine-based film containing PS extract reported previously [54,55].
The SEM images also reveal that the addition of up to 20% of PS to the
CS film matrix did not cause significant modification of the film surface.
The surface of all the films was generally smooth, compact and without
any cracks or pores, suggesting good structural integrity by its compact
and homogeneous structure.

3.7. Mechanical properties

The mechanical behaviour of the films was also investigated in order
to observe the variations derived from the PS addition to the films,
Fig. 7. For all the investigated parameters, there is a statistically sig-
nificant (p < 0.05) difference between CS-C film and at least one of the
films containing PS. Tensile modulus, defined as a measurement of the
stiffness of a material, was 1638.9 + 100.0 MPa for the CS-C film,
Fig. 7A, while it enhanced by 20.7% (CS-PS5), 35.8% (CS-PS10) and
48.4% (CS-PS20) with increasing the concentration of PS. Significant
improvements also occurred in yield strength and stress at break for all
films containing PS extract. The CS-PS5 and CS-PS10 films had an
improvement of 15.2% and 17.2% in their yield strength, respectively,
however, a significant increase occurred for CS-PS20 with a value of
47.6%, Fig. 7B. A similar tendency was observed in the stress at break
parameters, Fig. 7C. The intermolecular interactions between the com-
ponents of the extracts and the CS polymer can lead to changes in me-
chanical characteristics of composite films such as stiffness, stress at
break, and deformation [9,11,16,56]. Regarding the composite films in
this study, it can be ascribed that the interactions between the hydro-
philic groups of CS and the polyphenolic compounds of PS with polar
properties resulted in the tightened polymer chain-chain interactions
leading to stronger interfacial adhesion and higher resistance to me-
chanical stress [16]. As discussed in Section 3.4, the most significant
changes between CS and PS occurred in the film with the highest con-
centration of PS, which seems to be reflected in its mechanical
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Fig. 5. TGA and DTG thermograms of pure CS, PS extract, CS-C film and the CS-PS composite films.
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Fig. 6. Scanning electron microscopy of the CS-based films: A) CS-C film; B) CS-PS5 film; C) CS-PS10 film; and D) CS-PS20 film.
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properties. Improvement in the mechanical properties of blend films
with bioactive compounds was reported previously for biopolymeric
films such as CS-green tea extract [56], CS—oak/hop extracts [9] and
CS-terebinth extract [11].

On the other hand, the strain at break values of the films decreased
with increasing PS concentration, Fig. 7D. That value for CS-C film was
9.2%, whereas for CS-PS5, CS-PS10 and CS-PS20 it was 8.2%, 6.0%,
5.6%, respectively. Although without statistical difference between CS-C
film and CS-PS5, there was a significant difference when compared with
CS-PS10 and CS-PS20. The addition of PS to the film matrix made the
films stiffer, resulting in a reduction in the strain at break values of films
and thus showed less elongation capacity. These results are consistent
with those in the literature [16,22,57].

3.8. Degradation properties of films

The water solubility of biopolymer-based films is an important
property in packaging since the film must maintain the necessary sta-
bility of the packaged food throughout its shelf life. In general, the
structure of films with poor water resistance may soften when exposed
to high humidity, and thus the molecules can pass through the film more
easily as a result of changes in the film structure [58]. The water solu-
bility rate was recorded as 45.7% for the CS-C film, Fig. 8A. This was
lower than the value (58.0%) reported by Akyuz et al. [53], but it was
higher than the result (24.0%) of Kaya et al. [11]. With the addition of
PS to the CS film matrix, the water solubility of the composite films
decreased significantly (p < 0.05), what could be related to strong
intermolecular interactions between CS and bioactive compounds of PS
extract [12], but also to the lower hydrophilicity of the PS components.

Regarding the degradation of composite films in soil, after 15 days,
the films were completely degraded due to the enzymes produced by the
microorganisms in the soil [53]. Besides, the diffusion of water into the
polymer matrix may cause swelling and increase the biodegradation
capacity of the films. The addition of PS to the films did not alter the soil
degradation properties, so, the CS-PS composite films can be considered
as rapidly degrading materials in nature, which strengthens the in-
ferences of Akyuz et al. [53], who concluded that CS-based films pro-
duced by blending animal fat and plant oil degraded at high rates under
soil incubation.
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3.9. Biological properties

3.9.1. Antioxidant activity

The free radical scavenging capacities of the films are presented in
Fig. 8B and C. It is known that CS has some intrinsic antioxidant activity
due to the formation of stable molecules as a consequence of the reaction
of free radicals with its amino groups [16]. In this study, the radical
scavenging activity of the CS-C film was recorded as 2.5% and 4.9% for
DPPH and ABTS, respectively, confirming that the control film was not a
strong scavenger for DPPH and ABTS radicals.

The addition of PS extract resulted in a significant improvement (p <
0.05) in the antioxidant activity of films. DPPH radical scavenging ca-
pacity increased up to 49.8%, 94.0% and 94.5% for CS-PS5, CS-PS10
and CS-PS20 films, respectively, while it was recorded as 20.3%, 54.6%
and 83.6% for ABTS. The antioxidant activity of the active films con-
taining the highest concentration of PS increased approximately 38
times for DPPH and more than 17 times for ABTS compared to the
control film. This effect could be attributed to activity of phenolic
compounds coming from the PS extract [17]. These findings are
consistent with previously reported antioxidant results of active poly-
meric films containing PS [55,59]. The better performance towards
DPPH compared to the ABTS assay could be explained by the difference
interaction mechanisms between the phenolic compounds of PS and the
ABTS/DPPH radicals: the ABTS test can be applied to both hydrophilic
and hydrophobic antioxidant systems, while the DPPH test it only
applicable to hydrophobic systems [60] since it employs a radical dis-
solved in an organic medium, hence it may favour the interactions with
the hydrophobic phenolic compounds of PS, particularly the flavonoids.
The releasing time is another factor that may condition the antioxidant
capacity of the active films and the fate of the solution which is used for
antioxidant analysis [61]. Some authors highlighted that the antioxidant
properties of CS films blended with protocatechuic acid could vary
significantly according to the release time [57]. In the study, while the
DPPH radical scavenging activity of the composite film taken in the first
hour was around 5%, this activity increased to over 90% after 24 h.

3.9.2. Antimicrobial assays

PS extract is a natural antimicrobial agent against human and
foodborne pathogenic microorganisms, so, its incorporation on package
films is a creative mechanism to avoid or reduce the growth of bacteria,
yeast and moulds on the packaged materials. To evaluate the
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Fig. 8. Water solubility and antioxidant capacities of CS-C film and the CS-PS composite films: A) water solubility; B) DPPH free radical scavenging activity; and C)
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performance of the films, they were compared with antifungal and
antibacterial agents (Teldor® and ampicillin sodium salt) and a control
solution (mixture of glycerol, ethanol, and acetic acid), Fig. 9.

According to the results, no inhibition zone was observed for the
control group and CS-C film, for all microorganisms, Fig. 9A and B.
Nevertheless, in most cases, there was no microbial growth in the area
where the CS-C film was in contact with the medium and its upper part,
Fig. 9C and D. This could be attributed to the inherent antimicrobial
characteristic of CS [11]. The CS-PS5 film was effective against Arthro-
bacter sp. and M. rancensis with inhibition zone values of 1.1 + 0.2 mm
and 1.0 + 0.1 mm, respectively. For the CS-PS10 film, in addition to
Arthrobacter sp. (1.6 + 0.3 mm) and M. rancensis (1.7 + 0.2 mm), it also
showed an inhibitory effect against S. aureus with an inhibition hallo of
2.8 £ 0.1 mm. CS-PS20 film exhibited higher antimicrobial activity
compared to all the other films, with inhibition zone values of 3.8 + 0.3
mm, 1.9 + 0.5 mm and 1.0 + 0.03 mm against Arthrobacter sp.,
S. aureus, and S. hominis, respectively, all gram-positive bacteria. Simi-
larly, the CS-PS20 film was also effective against the mould M. rancensis
with a value of 1.88 + 0.2 mm.

The antimicrobial activity of the films on the tested microorganisms
was in most cases, limited to the area of physical contact only. Even
though several studies reported that CS-based films containing different
kinds of plant extracts and oils were effective by forming inhibition areas
against human and foodborne pathogenic microorganisms [9,11,53],
the tested composite films demonstrated no inhibition zones, especially
against gram-negative bacteria and fungi. Torlak and Sert [62] stated
that CS-based films did not show antimicrobial activity by agar diffu-
sion, because the chitosan in the film form could not pass through the
adjacent agar media. In a similar study, Siripatrawan et al. [16] per-
formed the antimicrobial activity of CS composite films using the disc
diffusion method and reported that microbial growth was inhibited only

I cs

I CS-PS20
I cs-PS10
I CS-PS5

I Control

[ Antibacterial
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in the area where the discs were in direct contact with the medium.
Another possible mechanism to elucidate the antimicrobial activity of
composite films can be explained by the chemical effects of caffeic acid,
quercetin, chrysin, pinobanksin, galangin and similar phenolic com-
pounds released from the films. As visualized in Fig. 9C, inhibition zones
could be seen around films, which could be characterized as a chemical
effect caused by the phenolic compounds in PS, as well as the areas of
direct physical contact of the films with the media. This situation could
be more clearly distinguished by the increase in the concentration of the
PS extract.

Overall, it could be concluded that CS film matrix did not have a high
diffusion ability in the adjacent agar medium and did not exhibit notable
antimicrobial activity around the applied area due to the absence of
possible interactions between polymer chains and/or phenolic com-
pounds and pathogen cell walls [62,63]. However, it has to be high-
lighted, in direct physical contact, the CS films enriched with PS are
effective to all gram-positive, gram-negative, mould, and fungi evalu-
ated. In food packaging or coating processes, this feature may be
considered reasonable for such processes, since the entire food is sur-
rounded by the film.

4. Conclusions

This work demonstrated that biodegradable films for food packaging
could be produced by incorporating CS obtained from the waste shells of
crayfish with PS extracts, which has been explored in the food industry
as a natural source of antimicrobial and antioxidant agents. The ob-
tained data indicated that adding PS to the CS film matrix could result in
a remarkable improvement in both, the physicochemical and biological
properties of the films, hence showing that PS is a suitable additive.
Besides, with the increase of PS ratio in the film matrix, the functionality
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Fig. 9. Inhibition zone of CS-C film and CS-PS composite films against bacteria (A) and fungi (B) by the agar drop diffusion test. Example of antimicrobial activity of
the films against Staphylococcus aureus (C) and Cladosporium sp. (D). In the Petri dishes: row 1 = antifungal agent, row 2 = the control group, row 3 = CS-C film, row
4 = CS-PS5 film, row 5 = CS-PS10 film and row 6 = CS-PS20 film (three repetitions). Z1: zone of direct physical contact; Z2: zone of chemical effect/diffusion.

495



C. De Carli et al.

of active packaging films increases in most cases. The current data
suggest the possibility of using CS-PS composite films as a green and eco-
friendly approach for packaging oxidation-sensitive food products and
increasing their shelf life replacing petroleum-based synthetic plastics
that are not biodegradable.
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