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Abstract: The growing demand for chitin and chitosan makes it necessary to look for new sources
of these polymers and to develop more environmentally friendly methods for their isolation. The
subjects of the current study were chitin and chitosan extracted from shells of two crayfish species:
P. leptodactylus and F. limosus. The obtained polymers were characterized by physicochemical proper-
ties (molecular weight, thermal stability, and structure). The obtained chitosan was evaluated regard-
ing biocompatibility and antimicrobial activity. The yield of chitin obtained from P. leptodactylus and
F. limosus with a standard method was 22 + 2.7% and 20 + 3.6% (w/w), respectively (a preliminary
extraction with a natural deep eutectic solvent was performed successfully only for P. leptodactylus).
The yield of chitosan production was 15 £ 0.3% and 14 + 4.2%, respectively. Both chitosan samples
showed antimicrobial activity against E. coli and S. aureus. Cytotoxicity assays revealed a time- and
concentration-dependent effect, with a milder impact at concentrations up to 250 pg/mL. A more
favourable profile was observed for chitosan from F. limosus shells.

Keywords: chitin; chitosan; antibacterial activity; cytotoxicity; NADES

1. Introduction

Chitin (poly-(1—4)-3-N-acetyl-D-glucosamine) is a commonly occurring polymer in
the environment. It might be found in fungi cell walls, cuticles of insects and crustacean
shells [1]. Commercially, chitin is mainly obtained from seafood wastes. However, the
demand for chitin is growing [2], so it is essential to look for new sources of this polymer.
In this study, we chose two crayfish species, Pontastacus leptodactylus (Eschscholtz, 1823)
and Faxonius limosus (Rafinesque, 1817) shells, as a source of this polymer. They are both
widespread, euryhaline [3-6], omnivorous, benthic crustaceans [7-9].

P. leptodactylus, also known as Turkish, Galician, swamp, narrow-clawed or pond
crayfish [10], is native to Europe [11]. According to the Food and Agriculture Organization
of the United Nations (FAO) [12], P. leptodactylus aquaculture ranks fifth in producing
crayfish species in global aquaculture. It is cultivated among others in Turkey [13] and
Poland due to its nutritious meat and to reduce the overfishing of natural resources [10].
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F. limosus (spiny-cheek crayfish) is native to North America and was introduced to
Europe for cultivation. Currently, it is considered one of the most invasive crayfish species in
Europe and a carrier of crayfish plague [14]. Invasive alien species (IAS) are one of the major
environmental problems globally [15]. According to European Regulation 1143/2014 on
IAS, all European Member States must take measures to combat IAS, including prevention,
early detection, eradication, and management. Studies already conducted on F. limosus
meat indicate that it is good quality and might be used in the food industry [16], but there
was no research on this species regarding chitin contained in its shells. We hypothesize
that shell wastes obtained from both crayfish species might constitute an additional source
of chitin.

Chitin in crustacean shells occurs in complexes with mineral salts and proteins. In
industrial processing, chitin isolation consists of acidic demineralization and alkali de-
proteinization, usually carried out with hydrochloric acid (HCl) and sodium hydroxide
(NaOH). This process produces a huge amount of wastewater and energy consumption [17].
Strong reagents can also induce chitosan degradation [18]. One of the most promising
alternative extraction methods is those based on natural deep eutectic solvents (NADES)
mixtures. NADES are mixtures of at least two primary metabolites: one of them constitutes
a hydrogen bond donor (HBD) and the other a hydrogen bond acceptor (HBA). After being
combined, they become a mixture with a lower melting point than the melting points of
each component [19]. They are considered safe for the environment and non-toxic [20]. Ex-
tractions with NADES mixtures consume less water, energy, and time. Another advantage
is the higher extraction efficiency and better quality of the obtained polymer [21]. However,
chitin quality varies depending on the source, and its extraction might require different
working conditions [22].

Chitin can be used in wound dressings or tissue engineering [23,24]. However, deacety-
lation (usually carried out with NaOH [17]) enhances solubility and significantly broadens
application possibilities. Chitin polymers with a degree of deacetylation > 55% are called
“chitosan” [25]. The free amino groups give chitosan a positive charge, thus, many desirable
features, like mucoadhesivity or antimicrobial activity [26,27]. The antimicrobial activity is
a desirable feature in medical applications, like wound dressing or for an application as an
antibiotic [28]. It is considered a promising agent as a drug carrier. Chitosan was approved
by the American Food and Drug Administration (FDA) as a wound dressing [29] and can be
found on the market in cosmetics and dietary supplements. However, depending on many
factors, such as the source and extraction method, the properties of chitosan might vary.
Thus, the biocompatibility of these polymers will be different and should be investigated
separately in terms of the planned application and target [30].

This paper aimed to assess if P. leptodactylus and F. limosus shells are economically
viable as alternative sources of chitin and chitosan to isolate chitin from P. leptodactylus and
F. limosus shells using the method proposed by Zhu et al. [31] and to assess the antibacterial
activity and cytotoxicity of the obtained chitosan samples.

2. Materials and Methods
2.1. Materials
2.1.1. Biomass

FE. limosus specimens were collected from Jamno Lake (Gospodarstwo Rybackie “Mielno”
sp. z 0.0., Mielno, Poland) in the summer of 2015, and P. leptodactylus specimens were
taken from aquaculture (Gospodarstwo Rybackie Bytow sp. z o.0., Bytow, Poland) during
the summer and autumn of 2020. They were treated following the method described by
Rodriguez-Veiga et al. [32] and were washed and later boiled for 8 h, for easier tissue
separation. The water was changed five times, and after this, the specimens were dried at
50 °C for 24 h. Then, the shells were separated from the remains of other tissues and milled
to powder.
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2.1.2. Reagents

Commercial chitin and chitosan standards were purchased from (Sigma-Aldrich,
Milan, Italy), and used as a control in this study. Hydrochloride (HCI), sodium hydrox-
ide (NaOH), choline chloride ((CHj3)3;N(C1)CH,CH,OH), malonic acid (CH,(COOH),)
and citric acid (C¢gHgO7) were purchased from (Sigma-Aldrich, Milan, Italy), Tryptone
Soya Broth (TSB) and Iso-Sensitest broth (ISB) were purchased from Oxoid (Basingstoke,
UK). Dulbecco’s Modified Eagle’s (DMEM), L-glutamine, non-essential amino acids and
3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased from
Sigma-Aldrich (Burghausen, Germany). PBS tablets pH 7.4 were purchased from VWR
(Rosny-sous-Bois, France). Dimethyl sulfoxide (DMSO) was acquired from Carlo Erba
(Sabadell, Spain), and penicillin and bovine serum (FBS) from Gibco (Life Technologies,
Carlsband, CA, USA). A lactate dehydrogenase (LDH) kit was provided by Takara Bio
(Tokyo, Japan).

2.2. Chitin and Chitosan Isolation
2.2.1. Standard Chitin Extraction
Demineralization

The material demineralization was carried out at room temperature, under magnetic
stirring (30 min), with an aqueous solution of HCI (3.6%, w/v) added to the sample at a
solid/liquid ratio of 1 g/15 mL. The obtained material was centrifuged, the supernatant
liquid was removed, and the remaining material was thoroughly washed with 25 mL of
distilled water in a centrifuge (Eppendorf 5804R, Eppendorf, Milano, Italy) at 4000 rpm
(6 times for 5 min) until neutral pH was achieved. The obtained material was dried in the
oven at 80 °C (48 h).

Deproteinization

The sample deproteinization was performed with an aqueous solution of NaOH (8%,
w/v) added to the material obtained earlier at a solid /liquid ratio of 1 g/15 mL, at 100 °C,
under stirring for 1 h. Then, again, it was centrifuged, the supernatant liquid was removed,
and the remaining material was thoroughly washed with 25 mL of distilled water in a
centrifuge at 4000 rpm (3 times for 5 min) until neutral pH was achieved and dried in the
oven at 80 °C (48 h).

2.2.2. Standard Chitosan Extraction
Deacetylation

The process of deacetylation was carried out in a reflux apparatus (round bottom
flask equipped with a refrigerator and heated in an oil bath) with an aqueous solution
of NaOH (60%, w/v) that was added to the sample at a solid/liquid ratio 1 g/20 mL at
180 °C under stirring for 2 h. The obtained material was centrifuged, the supernatant liquid
was removed, and the remaining material was thoroughly washed with 25 mL of distilled
water in a centrifuge at 4000 rpm (4 times for 5 min) to obtain neutral pH and dried in the
oven at 80 °C (48 h) afterwards.

2.2.3. NADES Chitin Extraction

NADES mixture was prepared following the modified procedure of Zhu et al. [31].
In a two-necked round-bottom flask, 8.59 g of choline chloride and 12.8 g of malonic acid
were heated in an oil bath, at 100 °C, under mechanical stirring until a homogenous and
colourless solution was formed. Then 1.5 g of crayfish shell powder was added, constituting
7% of the solution. The extraction was performed in two variants:

e  The material was kept with NADES at 100 °C under mechanical stirring for 2 h. After
filtration under vacuum, the obtained material was washed seven times with 25 mL
of distilled water in a centrifuge at 4000 rpm (7 times for 5 min) until the neutral pH
was obtained and dried in the oven at 80 °C for 48 h. Then, the extracted material was
additionally treated with 20 mL of HyO; at 10% for 2 h at 80 °C, washed with 25 mL
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of distilled water in a centrifuge at 4000 rpm (7 times for 5 min) until the neutral pH
was obtained, and dried in the oven at 80 °C for 48 h.

e  The material was pre-treated with 10 mL of C¢gHgO7 (10%, w/v) for 1 h at room
temperature and then treated following the point above.

Chitin and chitosan yields were calculated with the following equations:

Yieldchi’tin [0/0] = (Wchitin/ Wshell) x 100 (1)
YiGICIChitosarl from chitin [%] = (Wchitosan/ Wchitin) x 100 (2)
Yieldchitosam from shell [O/O] = (Wchitosan/ Wshell) x 100 (3)

where W i is the weight of the obtained chitin, Wy is the weight of the raw material,
and W pitosan i the weight of the obtained chitosan.

2.3. Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR analysis was carried out with a Spectrum One FTIR spectrophotometer
(Perkin Elmer, Wellesley, MA, USA) equipped with a MIRacle™ ATR device (Pike Tech-
nologies, Madison, WI, USA) over the frequency range of 4000-650 cm~! at a resolution of
4 cm™! (64 scans). The spectra were collected at least in triplicate.

2.4. Thermogravimetric Analysis (TG)

Thermogravimetric (TG) analysis was conducted with Mettler Toledo Star® System
(Mettler Toledo, Milan, Italy) equipped with a TGA/DSC 1 module. To perform the
analysis, about 5 mg of each sample was put in alumina crucibles with lids (scanning rate of
10 K min~! from 30 °C to 500 °C) under a nitrogen atmosphere (flow rate 50 mL min~1).
The instrument was previously calibrated with indium as a standard reference, and the
measurements were done at least in triplicate.

2.5. Scanning Electron Microscopy (SEM)

The surface of the obtained chitins and chitosan samples was analysed with scanning
electron microscopy (SEM). The samples were sputtered with Au and examined using
an EVO MA10instrument (Carl Zeiss, Oberkochen, Germany). The measurements were
performed under an ultra-high vacuum with an electron generation voltage of 5 kV and a
working distance of 8.5 mm.

2.6. Molar Mass Distribution

The molar mass distribution of the obtained polymers was estimated by High-Performance
Size Exclusion Chromatography (HPSEC) and carried out in a modular system comprised
of a Biotech Degasi GPC degasser (Biotech, Onsala, Sweden), a Waters 515 HPLC pump
(Waters, Milford, MA, USA), and a Knauer K-2300 refractive index detector (Knauer, Berlin,
Germany). Two Shodex columns OHpak SB-806M HQ (Showa Denko K K., Tokyo, Japan)
of 300 mm x 8.0 mm were used in series with a 50 mm x 6.0 mm OHpak SB-G 6B guard
column (Showa Denko K K., Tokyo, Japan).

A 0.2 M NaNOj; + 0.5 M CH3COOH aqueous solution (0.02% NaN3) was used as a
mobile phase at 1 mL/min. Chitosan samples were dissolved in the eluent at 5 mg/mL
overnight, centrifuged at 4000 rpm for 10 min, and filtered through 0.45 um filters. A
conventional calibration curve was set using polystyrene sulfonate standards dissolved at
5 mg/mL in the former eluent.

2.7. Antimicrobial Assays
2.7.1. Chitosan Salification

Both chitosan samples were dissolved in HCI (3.6%, w/v) at a solid /liquid ratio of
1g/6.2mL, with distilled water in proportion to 100 mL per 1 g of the sample. Each solution
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was dialyzed for 24 h, under stirring, at room temperature. The water was changed every
2 h. The dialyzed samples were frozen in a diagonal position and then lyophilized.

2.7.2. Bacteria Culture

Escherichia coli (ATCC 10536) and Staphylococcus aureus (ATCC 6538) strains were
cultured in TSB at 37 °C. The bacteria cultures were centrifuged at 3000 rpm for 20 min to
separate cells from broth and then suspended in PBS (pH 7.3). The suspension was diluted
to adjust the number of cells to 1 x 107-1 x10® CFU/mL.

2.7.3. Evaluation of Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal
Concentration (MBC)

The antimicrobial activity of the obtained chitosan samples was tested against
Escherichia coli (ATCC 10536) and Staphylococcus aureus (ATCC 6538) as models for Gram-
negative and Gram-positive bacteria, respectively. The density of the used suspension was
1 x 107=1 x 108 CFU/mL. All the extracts were dissolved in a 10% DMSO aqueous solution
at different concentrations. The minimal inhibitory concentration (MIC) and minimal
bactericidal concentration (MBC) were determined by the two-fold serial broth dilution
method in ISB according to Clinical and Laboratory Standards Institute (CLSI; formerly
NCCLS) procedures [32]. The starting inoculum was 1.0 x 107 CFU/mL. Concentrations
of extracts were tested in the range of 0.1-9.2 mg/mL. The MIC was the lowest extract
concentration inhibiting observable microbial growth after 24 h incubation at 37 °C. The
MBC was the lowest concentration resulting in >99.9% reduction of the initial inoculum
after 24 h of incubation at 37 °C. All experiments were performed in triplicate [33]. Solvent
blanks were included. The positive control was stock standard solutions of ampicillin.

2.8. Cytotoxicity Assay (MTT)
2.8.1. Cell Culture

Human lung epithelial adenocarcinoma cells (A549), provided by American Type
Culture Collection (ATCC, Manassas, VA, USA), were used in passages 84-94. They
were cultured in flasks (75 cm?) at 37 °C in an incubator with 5% CO,/95% humidi-
fied atmospheric air. The CCM used for this cell line was (DMEM) supplemented with
L-glutamine at 1% (v/v), penicillin/streptomycin at 1% (v/v), non-essential amino acids at
1% (v/v), and FBS at 10% (v/v). CCM was exchanged twice a week.

2.8.2. Assessment of metabolic activity

The metabolic activity of the A549 cells after exposure to the chitosan samples was
evaluated with an MTT assay following the International Organization for Standardization
indications [34]. Chitosan samples were solubilized in acetic acid (1%, v/v) at a concen-
tration of 4 mg/mL, then dispersed in CCM at concentrations ranging between 15.62 and
1000 pg/mL. To perform the assays, cells were seeded in 96-well plates at 1 x 10* cells/well
the day before the exposure. After the overnight incubation, the CCM was discarded
and replaced with chitosan samples. CCM and SDS solution at 2% (w/v) were used as
a positive and negative control of cell viability, respectively. After 3, 24, and 48 h of ex-
posure, the samples were replaced with 30 uL of MTT (5 mg/mL in PBS pH 7.4), which
remained in contact with the cells for 2 h at 37 °C. Then, 50 puL. of DMSO was added to each
well to solubilise the formed formazan crystals. The absorbance was read by spectropho-
tometry (Infinite M200; Tecan, Grodig, Austria) at 540 nm, with background correction at
640 nm. All experiments were performed in triplicate. The cell viability was calculated from

the equation:
Cell viability (%) — >~ 100 )
VI T eM—D
where A is an absorbance obtained upon exposure for each sample, D is an absorbance
measured for DMSO, and CM is an absorbance read for the cells incubated in CCM. The

half maximal inhibitory concentration (ICs) was calculated for samples with cell viability
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reaching less than 50%. ICsg values were determined by sigmoidal fitting of the data in the
GraphPad Prism statistical program (GraphPad Software, Version 6.01, Boston, MA, USA).

2.9. Statistical Analysis

The results were analysed by two-way analysis of variance (ANOVA). The used
software was R (packages: emmeans 1.8.5, car 3.1-2, bestNormalize 1.9.0 and DHARMa
0.4.6), and differences were considered significant at a level of p < 0.05.

3. Results
3.1. Chitin and Chitosan Recovery
3.1.1. Chitin and Chitosan Obtained Using Standard Chemical Procedures

The average chitin yield in P. leptodactylus and F. limosus shells was 22 £ 2.7% (n = 5)
and 20 & 3.4% (n = 4) (w/w), respectively. The media of chitosan yield obtained from chitin
was 70 £ 13.0% (n = 2) and 76 £ 9.0% (n = 2) (w/w) respectively. Therefore the content
of chitosan obtained from shells was 15 £ 0.3% and 14 + 4.2% (w/w) (Table 1). All the
obtained chitin and chitosan polymers were slightly brownish.

Table 1. Chitin and chitosan recovery [%] in shells of P. leptodactylus and F. limosus obtained with a
standard extraction, NADES, and NADES with citric acid pre-treatment.

Chitin Recovery Chitosan Recovery Chitosan Recovery

Species Treatment [%] from Chitin [%] from Shells [%]
P. leptodactylus standard extraction 224272 70 +13.0P 15+ 03P
P. leptodactylus NADES 24°¢ N/D N/D
P. leptodactylus NADES with citric acid pretreatment 29°¢ N/D N/D
F. limosus standard extraction 20 +344d 76 £9.0° 14 +42°b
F. limosus NADES 31°¢ N/D N/D
F. limosus NADES with citric acid pretreatment 25¢ N/D N/D

an=5bn=27¢n=1;9n=4; N/D—not determined.

3.1.2. Preliminary Extraction with NADES Mixture

The extraction with NADES allowed us to obtain chitin from P. leptodactylus shells
successfully. The yield was higher compared to the standard method. The NADES ex-
traction performed on F. limosus shells did not complete chitin purification. Further FTIR
analysis showed the remains of protein. The extraction with citric acid pre-treatment
resulted in a higher chitin yield from P. leptodactylus, while for F. limosus shells, the yield
of the obtained material was lower (about 25%). However, no changes in further anal-
ysis were observed. In the current study, each extraction with NADES was performed
only once.

3.2. Fourier Transform Infrared Spectroscopy (FTIR)
Chitin and Chitosan Obtained Using Standard Extraction Characterisation

FTIR spectra of P. leptodactylus and F. limosus samples corresponded to the spectrum
of the chitin standard (Figure 1, spectrum a). The Chitin standard used as reference was
characterized by amide I band at 1622 cm~! amide II at 1551 ecm™ !, -C-H stretching at
2875 cm~!, and -C-O-C- stretching at 1070 cm ™! and 1026 cm ™! (Table 2). For the material
obtained with standard extraction performed on P. leptodactylus (spectrum b) and F. limosus
(spectrum c) shells, amide I bands were observed at 1633 cm ! and 1628 cm ™!, amide II
bands at 1553 cm~! and 1552 ecm ™!, -C-H stretching at 2879 cm~ ! and at 2890 cm ™!, and -C-
O-C- stretching at 1063 cm~! and 1026 cm !, and at 1067 cm ™! and 1026 cm ™! respectively.
Similarly, for the material obtained with NADES from P. leptodactylus (spectrum c) and
F. limosus (spectrum e) shells, the amide I band was observed at 1622 em~!and 1635 cm™ 1,
the amide I at 1551 cm ! and 1549 em !, -C-H stretching at 2883 cm~ 1 and 2874 cm~1, and
-C-O-C- stretching at 1071 cm~! and 1011 ecm !, and 1068 cm ! and 1027 cm ™! respectively.
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Figure 1. FTIR spectra of chitin standard (a), and materials obtained from: P. leptodactylus (b), and
F. limosus shells (c) with standard method and materials obtained from P. leptodactylus (d) and
F. limosus (e) shells with NADES.

Table 2. FTIR spectra assignments of the relevant bands for chitin standard and material obtained
from P. leptodactylus and F. limosus shells.

Commercial . P. leptodactylus E limosus
Functional Chitin P leptodactylus  F. limosus (NADES) (NADES)
Wavenumber Wavenumber
Group Wavenumber 1 1 Wavenumber Wavenumber

1 [em—1] [em~1] 1 1
[em—1] [cm—1] [em—1]
Amide I 1622 1633 1628 1622 1635
Amide II 1551 1553 1552 1551 1549
-C-H 2875 2879 2890 2883 2874
C-OC 1070 1063 1067 1071 1068
g 1026 1026 1026 1011 1027

Recorded FTIR spectra for both P. leptodactylus and F. limosus deacetylated samples
were like the FTIR spectrum of chitosan standard (Figure 2), with small differences in
wavenumbers and adsorption intensity (Table 3). Chitosan standard (spectrum a), used
as a reference, was characterized by amide I band at 1647 cm !, amide II at 1564 cm 1,
-C-H stretching at 2872 cm~!, and -C-O-C- stretching at 1063 cm ™! and 102m~! (Table 2).
For the deacetylated material from P. leptodactylus (spectrum b) and F. limosus (spectrum c)
shells, amide I bands were observed at around 1650 cm~! and the amide Il bands at around
1590 cm ! for both species. The -C-H stretching was observed at 2874 cm ™! and 2864 cm ™!,
respectively. The -C-O-C- stretching at 1054 cm ! and 1027 cm ™! for P. leptodactylus and at
1059 cm~! and 1026 cm~! for F. limosus.
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Figure 2. FTIR spectra of chitosan standard (a) and deacetylated materials obtained from

P. leptodactylus (b) and F. limosus (c) shells using the standard method.

Table 3. FTIR spectra assignments of the relevant bands for chitosan standard and material obtained
after deacetylation of the material obtained from P. leptodactylus and F. limosus shells.

Functional Grou Commercial Chitosan P. leptodactylus E. limosus
P Wavenumber [cm—1] Wavenumber [cm~1]  Wavenumber [ecm~1]
Amidel 1647 1654 1650
Amide II 1564 1590 1590
-C-H 2872 2874 2864
1063 1054 1059
GO 1027 1027 1026

The lower adsorption intensity for amide I and II in the spectra of chitosan samples
compared to the spectra of chitin samples corresponds to decreased residual N-acetyl units,
indicating the deacetylation process went successfully.

3.3. Thermogravimetric Analysis (TG) of Chitin and Chitosan Obtained Using Standard
Extraction Characterisation

The thermogravimetric analyses performed on chitin extracted from P. leptodactylus
and F. limosus shells using both standard and NADES methods are reported in Figure 3. All
TG curves obtained are like the TG curve of the chitin standard (curve a). Their thermal
profiles are composed of two main steps: the first corresponds to water evaporation, and
the second to amine group degradation [35]. For the chitin standard, water evaporation
lasted until around 100 °C with a mass loss of 7.7 & 0.2%. The beginning degradation
of amine groups was observed at around 164 °C with a mass loss of 75.0 £ 0.3%. This
second step could be divided into two events relative to polymeric chain degradation and
acetylated and deacetylated unit decomposition, respectively, and was also observed for
P. leptodactylus (curve b) and F. limosus (curve c) samples. For the P. leptodactylus sam-
ple, the first step of sample dehydration lasted until 94 °C with an initial mass loss of
5.7 & 0.5%. For the F. limosus sample, the initial mass loss was 5.4 + 0.7% and lasted
until 95 °C. For the P. leptodactylus sample, the second step was observed at 202 °C with
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a total mass loss of 78.5 £ 0.6%, while for the F. limosus sample, the starting degradation
temperature was 206 °C with a total mass loss of 77.6 £ 0.2%. The TG profiles registered
on chitin samples extracted with NADES mixture from shells of the two crayfish species
showed similar thermal profiles. For the sample obtained with the NADES method, from
P. leptodactylus (curve d), the water evaporation lasted until 148 °C, and the mass loss was
about 6.5 £ 0.6%.
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Figure 3. TG curves of chitin standard (a), samples obtained from standard extraction performed on
P. leptodactylus (b) and F. limosus (c) shells and after extraction with NADES mixture performed on
P. leptodactylus (d) and F. limosus (e) shells.

In comparison, due to the decomposition, the second step started at 230 °C with a mass
loss of 70.1 & 0.8%. The sample obtained from F. limosus shells also showed two steps: the
first one lasted until 182 °C with a mass loss of 6.6 &+ 0.5%, and the second one was initiated
at 221 °C with a mass loss of 54.4 £ 0.3%. The different decomposition temperatures of the
samples obtained with the NADES extraction method compared to those obtained with the
chemical method are probably due to a greater impurity of the former.

Figure 4 shows the profiles of the recorded curves from TG analysis of chitosan from
P. leptodactylus (curve b) and F. limosus (curve c) shells, which were like to the curve obtained
for chitosan standard (curve a). All of them decomposed in two significant steps related
to successfully performed deacetylation. Similarly, as for chitin, the first step of mass loss
corresponds to water evaporation and the second to sample degradation. The first step was
observed for commercial chitosan with a mass loss of 10.8 & 0.3% and lasted until 170 °C.
Sample degradation was observed at 214 °C with a mass loss of 52.4 + 0.4%. The first step,
corresponding to water evaporation in the P. leptodactylus sample, lasted until 146 °C with
a mass loss of 7.9 £ 0.8%, and the second one, corresponding to the sample decomposition,
started from 196 °C with a mass loss of 54.5 £ 0.6%. Analogously, for the chitosan from
F. limosus shells, the first step lasted until 195 °C with a mass loss 7.2 & 0.4%, and the
sample decomposition started from 211 °C with a mass loss of 53.5 £ 0.7%.
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Figure 4. TG curves of chitosan standard (a), material obtained after P. leptodactylus (b), and
F. limosus (c) samples deacetylation.

3.4. Scanning Electron Microscopy (SEM)

The structure of chitin from P. leptodactylus shells obtained with NADES is arranged in
visible layers (Figure 5a) and has a fibre-like, well-organised porous structure (Figure 5b).
The pores section is elongated in shape with the major and minor axes up to 2 pm and
1 pm in length, respectively.

EHT =20.00kV Sig
WD=85mm 2%

ac
Sem=EVO 10 - P T Sem=EV0 10

Date :21 Jul 2021 Date :21 Jul 2021

(b)

Figure 5. SEM images of chitin obtained from P. leptodactylus shells with NADES ((a) 20.00K x,
(b) 25.00K x).

For both species, chitosan has a fibre-like structure with pores (Figure 6). Chitosan
obtained from F. limosus shells (Figure 6b) seems to have a better-organised and more porous
structure with thinner layers and interconnected pores than chitosan from P. leptodactylus
(Figure 6a). Also, the pores shape and size are less homogeneous.
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Figure 6. SEM images of chitosan were obtained from P. leptodactylus (a) and F. limosus (b) using
standard extraction.

3.5. Molecular Weight (MW)

Both chitosans were characterized by HPSEC (Figure 7) to determine their molecular
weight distribution. Chitosan obtained from P. leptodactylus shells presented a number
average molecular weight (M,) of 24 kDa, a weight average molecular weight (M) of
236 kDa and a molecular dispersity (Dm) of 9.8. In contrast, chitosan from F. limosus shells
presented a My, of 19 kDa, a My of 229 kDa and a Dm of 12.3.

P. leptodactylus

e [, [iMoOSUSs
5 10 15 20 2 30

Elution volume/ mL

Figure 7. Size exclusion chromatography elution profiles of chitosan samples from P. leptodactylus
and F. limosus.
3.6. Antimicrobial Activity

The MIC and MBC of the obtained chitosan polymers were determined against E. coli
(gram-negative) and S. aureus (gram-positive) bacteria. These are humans’ most common
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pathogenic bacteria, showing resistance to some currently used antibiotics, e.g., ampi-
cillin [36-38]. The antimicrobial activity is presented in Table 4. The MIC against E. coli
for both chitosan samples was higher than the concentration of chitosan standard (com-
mercially available). However, MBC against E. coli and MIC and MBC against S. aureus
values were lower for the chitosan sample than for the chitosan standard. Finally, all the
samples tested have an antibacterial activity lower than the ampicillin, used as a positive
control. The activity of chitosan from P. leptodactylus shells was stronger against S. aureus
than against E. coli.

Table 4. The minimum inhibitory (MIC) and minimum bactericidal (MBC) concentrations [mg/mL]
of chitosan was obtained from P. leptodactylus and F. limosus shells and of ampicillin against E. coli
and S. aureus.

Species MIC (E. coli) MIC (S. aureus) MBC (E. coli) MBC (S. aureus)
P. leptodactylus 1.19 1.59 1.58 2.48
F. limosus 248 1.96 4.90 4.90
Chitosan s.* 1.15 2.30 >9.20 >9.20
Ampicilin 5x 1073 0.5 x 1073 10 x 1073 2x1073

* Chitosan standard, commercially available.

3.7. Determination of Cytotoxicity

The chitosan samples under study were tested at concentrations up to 1000 ng/mL
regarding their effect on the metabolic activity of human epithelial cells. The metabolic
activity was considered an indicator of cell viability, and a decrease in this parameter to
values below 70% of the control (cells incubated with cell culture medium) were interpreted
as a toxic effect, as indicated by ISO 10993 [34]. The results are depicted in Figure 8,
showing a milder effect from the chitosan obtained from F. limosus as compared to that
obtained from P. leptodactylus. In fact, for the former, a cytotoxic effect was only found when
the concentration reached 500 pg/mL (p < 0.05), where cell viability decreased beyond
70%. At that concentration, a time-dependent effect was seen (p < 0.05), with cell viability
varying within 10% and 65% for the period between 3 h and 48 h of exposure. On the
contrary, for chitosan from P. leptodactylus, cell viability below 70% was determined at
all the concentrations when the exposure was extended to 48 h (p < 0.05). The other two
exposure times generally not eliciting a toxic effect. As observed for chitosan from F. limosus,
the 500 pg/mL concentration also resulted in a time-dependent effect (p < 0.05) with cell
viability between 10% and 52% for exposures between 3 h and 48 h. The concentration
of 1000 pug/mL is massively toxic in both chitosan samples. Acetic acid, used to prepare
the initial chitosan stock solution, could have a contribution, but this was observed to
be minor. A control testing the effect of acetic acid in concentrations corresponding to
those present in each chitosan sample revealed that only the higher amount of acetic
acid (corresponding to chitosan 1000 pug/mL) decreased cell viability to values below 70%
(around 65% independently of the exposure time). Therefore, the toxic effect observed in
chitosan at concentrations of 500 pug/mL or higher could not be ascribed to acetic acid and
should be considered an effect of the proper chitosan.

The half-maximal inhibitory concentration (ICsy) was calculated for both chitosan
samples (Table 5). In both cases, the ICs5, value decreased with the increase in the exposure
time, as expected.

Table 5. ICs5y values [mg/mL] calculated for chitosan obtained from P. leptodactylus and F. limosus for
epithelial cell line (A459) after 3, 24 and 48 h.

Species ICs59 B h) ICs50 (24 h) ICsp (48 h)

P. leptodactylus 0.51 0.24 0.14
F. limosus 0.52 0.49 0.34
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Figure 8. A549 cell viability was determined upon 3 h, 24 h, and 48 h exposure to chitosan from
P. leptodactylus (a) and F. limosus (b). Data represent mean & SEM (n = 3).

4. Discussion

Crayfish shells might contain about 15% to 26% of chitin [39—-43]. Chitin yield isolated
from P. leptodactylus and F. limosus shells is within this range. The chitin yield obtained
from P. leptodactylus shells was lower than the yield reported for the same species by [43].
The observed differences may be attributed to different extraction methods [44].

The most common method used for chitin isolation is carried out with HCI and
NaOH [17]. According to Gadgey and Bahekar [44], strong acid and alkali treatment
can negatively affect the obtained polymer. Using this method on a commercial scale is
also considered hazardous to the environment. One of the most promising methods for
chitin extraction is based on NADES mixtures, as they are considered environmentally
friendly and efficient [17,45]. Furthermore, some NADES might be reused [46—-48]. Studies
performed by Zhu et al. [31], Hong et al. (2018) on lobster shells, and Saravana et al. [49,50]
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on shrimp shells showed that it is possible to obtain chitin with high purity with the use of
NADES mixture, composed of choline chloride as HBA, and malonic acid as HBD. In the
study described herein, chitin isolation was performed following the method described in
the work of Zhu et al. [31] but at higher temperatures during extraction. The FTIR and TG
analysis indicated that the extraction performed on P. leptodactylus shells resulted in the
obtention of chitin.

In contrast, extraction performed on F. limosus shells resulted in chitin with protein
residues observed on FTIR spectra. The purity of chitin depends on many factors, such
as reaction time, solvents, and their concentration, material /solvent ratio, pre-treatment,
preparation of material, and its source [51]. Crustacean shell composition varies between
species and might affect the success of chitin isolation [52,53]. The extraction resulted in a
product with a higher yield, and the SEM analysis showed a better-organised microfibrillar
structure than the one obtained with the standard method.

According to that reported by Kaya et al. [54], chitin and chitosan surface morphologies
might be classified as (1) with porosity and microfibrillar structure, (2) without porosity
or microfibrillar structure or (3) only with microfibrillar structure. Chitin obtained from
P. leptodacylus and F. limosus shells showed microfibrillar structure with porosity, which
might indicate good adsorption properties. The nano-fibre-like structures might suit wound
dressings, plastics, or protection coats [55]. The structure of chitin extracted with NADES
mixture looks well organised and smooth, suggesting promising properties of the polymer.

Molecular weight (MW) is one of the most critical factors that determines polymers
biological properties. Ribeiro et al. [56] classified chitosan with M;, of about 571 kDa as
high MW and chitosan with M, of about 158 kDa as low MW, meanwhile Hsu et al. [57]
classified chitosan with My, ranging from 181 kDa to 204 kDa as medium MW and from
M,, 300 kDa onwards as high MW. Chitosan samples obtained in the current study from
both species, with M,y around 230 kDa, may be classified as medium MW. Chitosan has
higher mechanical strength and a slower degradation rate with increased viscosity average
molecular weight (My) [58]. Still, with this increase, the viscosity of the polymer solutions
also increases, and the encapsulation efficiency decreases [59]. Medium MW chitosan might
be used in bioplastics [40]. Another important factor is the MW distribution related to
molecular dispersity. For monodisperse polymers (all chains of the same length), D, is 1.
The best-controlled synthetic polymers (e.g., low molecular dispersity polymers used for
calibration) have a Dy, of 1.02-1.10 [60]. In our study, both chitosan samples presented high
Dy, values, around 10.

Chitosan, in general, shows antibacterial activity, but it varies between polymers
of this group and depends on many factors, such as MW, DD, source, and the chosen
target [61]. The preliminary antibacterial assessment usually concerns activity against
E. coli and S. aureus, considered common, pathogenic, drug-resistant bacteria [37,38]. Chi-
tosan, by itself, has lower activity than clinical antimicrobial drugs [28,62]. It was observed
for both chitosan samples investigated in the current study that antibacterial activity was
much lower than that of ampicillin. According to Zheng and Zhu [63], chitosan with
higher MW inhibits bacterial growth by blocking nutrient adsorption by forming a film.
The studies performed by Liu et al. [64] evidenced that when the antibacterial activity of
chitosan samples was analysed with varied MW and concentration, chitosan of low MW
had higher activity than chitosan of high MW. In the current study, both chitosan samples
showed antibacterial activity. Chitosan from P. leptodactylus shells was characterised by
a slightly higher My and higher antibacterial activity against E. coli and S. aureus than
chitosan obtained from F. limosus.

Moreover, these results correlate with the works of Burgos-Diaz et al. [65] on chitosan
with two-fold higher My (about 589 kDa) from Parastacus pugnax shells, that was char-
acterised by much higher antibacterial activity against both E. coli (MBC = 0.31 mg/mL),
and S. aureus (MBC = 0.04 mg/mL) [65]. On the other hand, the MIC for chitosan from
isopod Saduria entomon with medium My 313 kDa against S. aureus was determined at
3.34 mg/mL, which is higher than MIC for both P. leptodactylus and F. limosus samples.
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Furthermore, the activity for S. entomon sample against E. coli was not observed at all [32].
Chitosan obtained from P. leptodactylus shells showed stronger antibacterial activity against
gram-positive bacteria than against gram-negative bacteria. The same tendency was also
observed for chitosan from S. entomon [32], P. pugnax [65], and commercial chitosan with
My 224 kDa in studies conducted by No et al. [66]. On the contrary, chitosan from F. limosus
shells showed stronger inhibition activity against S. aureus, whereas the MBC values were
determined at the same concentration against both strains.

Chitosan is generally characterized by biodegradability, low toxicity and bioadhesive
properties, and it has been described to provide controlled release when used as matrix
material of drug carriers [67,68]. In this regard, it has been used to produce nanoparticles,
microparticles and films, which thus benefit from the described properties, showing great
potential as drug carriers [69,70]. However, the features of each chitosan vary depending
on many factors such as its source, DD and MW, and the cytotoxicity of these polymers
also differs. Cytotoxicity assays are the first step in the biocompatibility assessment,
and it is essential to investigate each candidate in specific conditions appropriate for the
chosen application and target [30]. In this study, both chitosan samples showed time-
and concentration-dependent toxicity against A549 cells. The dose-dependent cytotoxicity
of chitosan observed herein was previously reported [70], attributed to the medium My
of the tested chitosan and the related diffusional limitations. The slight time-dependent
cytotoxicity was also observed for medium MW chitosan by Franca et al. [71]. In that
study, a reduction in cell viability to 70% was observed for a concentration of about
1000 pg/mL. In another study [72], cytotoxicity for medium MW chitosan was observed
at 250 pg/mL after 24 h of exposure to the samples, with reduced cell viability to <60%.
The same study showed even stronger cytotoxicity for chitosan obtained from Mayfly and
low MW chitosan. The authors suggested that chitosan’s toxicity might be dependent on
its source. Cytotoxicity observed for P. leptodactylus and F. limosus chitosan samples was
mild when concentrations up to 250 ug/mL were tested, which could be adequate in many
applications [73,74].

5. Conclusions

It is possible to obtain 22% and 20% of chitin yield from P. leptodactylus and F. limosus
shells, respectively. Furthermore, it is possible to obtain chitin from P. leptodactylus shells
with a NADES mixture composed of choline chloride and malonic acid. However, the
chosen extraction conditions are too mild to separate the chitin-protein complex in F. limosus
shells. The deacetylation of each chitin was successful, indicating that P. leptodactylus and
F. limosus shells might also be used as chitosan sources. The chitosan obtained from both
crustaceans revealed antimicrobial activity against E. coli and S. aureus bacteria. Chitosan
from P. leptodactylus showed stronger antibacterial activity against gram-positive bacteria
than against gram-negative bacteria. Contrarily, the MIC values for F. limosus chitosan
were lower for gram-negative bacteria, whereas the MBC values were equal. Both chitosan
samples showed cytotoxicity against A549 cells, particularly for concentrations above
250 ug/mL, with a more favourable profile for chitosan from F. limosus shells.
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