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Abstract: Edible crayfish are an object of local fishing and artificial breeding in many countries.
This industry is very promising in terms of production of healthy foods and byproducts, such as
biologically active polyaminosaccharide—chitosan and its derivatives. However, crayfishing is far
from being at the level at which it could be. This laboratory scale protocol describes a walkway from
crayfish Actacus leptodactylus to chitin, chitosan, and oligochitosan hydrochloride, with the main em-
phasis on the way of getting rid of the impurities (residual heavy metals, proteins and other residues)
commonly present in commercial chitosan and its derivatives, as well as the characterization of the
products by means of inductively-coupled plasma mass spectrometry (ICP-MS), energy-dispersive
X-ray spectroscopy (EDXS), protein and elemental analysis, proton magnetic resonance spectroscopy
(*H NMR), and chromatography methods. The protocol includes the preparation of crude shell
waste; the extraction of proteins from crude shell waste and preparation of deproteinated shell
waste, demineralization and decolorization of the deproteinated crayfish shell waste, deacetylation
of chitin, and depolymerization of chitosan. EDXS shows the presence of Al and Si residues in chitin
is found when the deproteination of crayfish waste is carried out in an alumosilicate glass vessel.
In contrast, these residues are absent when deproteination is carried out in the borosilicate glass
flask. Analytical data show that the content of residues in chitosan and oligochitosan hydrochloride
meets pharmaceutical requirements. The study demonstrates crayfish waste a promising for the
purification of chitosan, for the preparation of pharmaceutical grade oligochitosan hydrochloride,
and can improve commercialization of crayfishes.
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1. Introduction

Chitosan, poly[p-(1—4)-2-amino-2-deoxy-D-glucose], is the by-product of the crus-
tacean food processing industry and is mainly produced from crab, shrimp, or krill shells [1].
Low toxicity, biodegradability, and biocompatibility, together with a nonspecific antimi-
crobial activity has made chitosan a product of worldwide application in pharmaceutical,
food, and cosmetic compositions [2-8].

The growing market for chitosan [9] requires the application of pure material free of
harmful residual impurities (proteins and heavy metals) as chitosan is used, in particular,
as an ingredient in biopharmaceuticals, skincare, and other cosmetic compositions [5,10].
Unfortunately, both chitin that is separated from aquatic crustaceans and chitosan that
is industrially manufactured from chitin can contain excessive amount of proteins and
residual heavy metals, which come from polluted land-locked seas and rivers [11].

The narrow-toed crayfish Actacus leptodactylus is an object of local fishing and artificial
breeding in many countries [12]. As with other crustaceans, chitin is the second main
component of crayfish shells [13]. Unfortunately, the growing application of chitosan
produced from crayfish is far from being at the level it could be at [14,15]. The solution to
this could be the use of crayfishing in not only in food processing and improvement of soil
structure but also for the extraction of chitin and production of chitosan and its derivatives
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as additional products of crayfishing, as this would increase the economic efficiency of
crayfish plants by widening the application of crayfish waste and chitosan [16-18].

For several decades, the terms chitin, chitosan, water soluble chitosan, low molecular
weight chitosan, oligochitosan, chitosan oligomers, chitosan oligosaccharides, heterochi-
tosans, heterochitosan oligosaccharides, chitin oligomers, and chitooligosaccharide have
been widely used in scientific literature. Unfortunately, all these terms are used voluntary
since the terminology in chitin/chitosan sciences has not been commonly accepted so far.
The terms “chitin” and “chitosan” are the most used terms in chitin and chitosan sciences
(“chitinology”). The term “chitin” describes a homopolymer of N-acetyl-3-D-glucosamine
linked via 1,4-bonds. Chitin extraction from natural sources usually has molecular weight
of a million Daltons and more. Chitin is insoluble in organic (acetic and lactic) acids but is
highly swelling and hydrolyzing in concentrated inorganic (hydrochloric and phosphoric)
acids.

Deacetylation of chitin by one or another method leads to the preparation of a com-
pletely or partially deacetylated chitin. When the degree of deacetylation reaches the value
of 60% or more, chitin becomes soluble in diluted acetic or hydrochloric acids. This soluble
form of chitin is named “chitosan”. Thus, the solubility in aqueous acidic media is the
criterion for distinguishing between chitin and chitosan. Here, we should take into account
that the term “chitosan” is not a chemical but a conditional one. As shown and discussed in
several articles, chitosan could be distinguished from oligochitosans (short chain chitosans)
by molecular weight (MW). Still, the boundary between these groups are fluid, although
the term “oligochitosan” can be used for chitosan molecules with MW < 16 kDa (degree of
polymerization <100) [19-22].

So far, a number of articles published have been devoted to the elaboration of varied
methods for the separation of chitin from different chitin containing sources [23]. In spite of
the multiplicity of the methods, all of them include the main ones, such as deproteination,
demineralization (decalcification), and decolorization (if required). Deproteination is
required since crayfish, like other crustacean animals, contains unbound edible proteins
and polysaccharide conjugated proteins [13]. While unbound edible proteins are used for
human and animal food production, the presence of the remaining conjugated proteins
can pose a threat to human health and may also have a bad impact on the stability of a
chitin/chitosan based product when chitin and chitosan are used as food additives or as
components of pharmaceutical and cosmetic compositions [24].

Demineralization is required since crustacean shells are mineralized and contain
(mainly) calcium carbonate and foreign metals in the form of carbonates and phosphates [25].
Although the process of chitin separation from crustacean shell wastes includes a dem-
ineralization stage, which eliminates calcium carbonate and most of residual heavy metals
from chitin [26], it has been found that commercial chitosan batches can contain an exces-
sive concentration of heavy metals [27,28], which can reduce the quality and shelf-life of
chitosan containing products [5].

From here, the main problem arising when preparing pharmaceutical-grade oligo-
chitosan hydrochloride is the presence of harmful residues in the chitosan used for the
preparation. Unfortunately, the protocols published so far have not touched the problem
of proteins and heavy metals remaining in chitosan separated from crayfish and other
crustaceans, and have been focused mainly on the physicochemical properties of chitosan
(solubility, solution viscosity, molecular weight, degree of deacetylation) and the presence of
ash and residual moisture [13,15,17,29-32]. As to the hydrochloric acid salts of chitosan and
its derivatives, there have been two protocols published so far on the preparation of chitosan
hydrochloride [33,34] and two protocols devoted to the hydrolysis of commercial chitosan
and the preparation of oligochitosan hydrochloride with characteristics corresponding to
the requirements of the European Pharmacopoeia for chitosan hydrochloride [28,35,36].

In the present study, we describe the extraction of chitin, preparation, and analysis
of chitosan and oligochitosan hydrochloride focusing mainly on the purity of chitosan
and oligochitosan hydrochloride from residual heavy metals and proteins. The protocol
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included: (a) preparation of crude shell waste; (b) extraction of proteins from crude shell
waste; (c) demineralization and decolorization of the waste and preparation of chitin;
(d) deacetylation of chitin; and (e) prapartion of oligochitosan hydrochloride.

2. Materials and Methods
2.1. Matherials

Sodium hydroxide (CAS number 1310-73-2), 37% hydrochloric acid (grade: ACS, ISO,
Reag. Ph. Eur), 30% hydrogen peroxide (grade: ISO), and Coomassie Brilliant Blue G-250
(CBG250, CAS number 6104-59-2) were purchased from Merck. Deuterium oxide (99.0%)
and deuterium chloride (99%) were the products of Aldrich.

Fresh-frozen crayfish A. leptodactylus was bought on the local market. All further work
with crayfishes was carried out in the accordance with the requirements approved by the
Bioethics Committee at the Federal Research Center’s Fundamentals of Biotechnology of
the Russian Academy of Science (Protocol N°16/2, 21 May 2022) and were performed
according to the corresponding guidelines for animal use.

2.2. Separation of Chitin

Fresh-frozen crayfishes (4 kg; 7-9 cm in size) were boiled in distilled water for 10 min.
Crayfish meat was carefully separated from the exoskeleton mechanically. Crayfish shell
waste was passed through a meat grinder to grind it into particles of 1 to 3 mm in size,
and then washed with excess of distilled water on a sieve with a pore diameter of 0.3 mm
to delete unbound proteins. The washed waste was pressed to delete excess water, and
then the wet waste was subjected to deproteinization with 1 M NaOH (4 L) at 90 °C for 4 h
with stirring in a glass vessel. After filtration, the solid product was collected and washed
with water, and then it was demineralized by 1 M HCl (4 L) while stirring in a glass vessel
at room temperature for 6 h. Deminerelized chitin was filtered off, washed with exces of
distilled water until the neutrality of effeluent water was reached, and pressed to remove
excess water. Chitin was decolorized with 0.25% NaOCl solution (1 L) at room temperature
for 5 min. The wet product was dried in a vacuum at 70 °C for 3 h, and then it was milled
to powder with particle sizes <0.5 mm. The yield of crayfish chitin was 72 g (1.8%) with a
humidity of 3.4%.

2.3. Separation of Chitosan

Chitin (70 g) was deacetylated with excess of 40% (w/v) NaOH solution (500 mL) at
120 °C for 2 h in HK 500 polytetrafluorethylene-made reactor equipped with a stainless
steel high pressure chamber. After deacetylation, the product was filtered off and washed
with excess of deionized water until neutrality of the effluent water was reached. The
wet chitosan was dried in a vacuum (0.01 mPa) at 70 °C for 3 h. The yield of dry crayfish
chitosan was 56 g (DD 96%) with a humidity of 3.1%.

2.4. Preparation of Oligochitosan Hydrochloride

Oligochitosan was prepared following the protocol published in [35]. Briefly: chitosan
(50 g) was dissolved at mixing in 1 M hydrochloric acid (500 mL) containing 1.5% hydrogen
peroxide at 70 °C in a Schott Duran glass flask for 2 h, and then the resultant solution was
cooled to room temperature and then diluted with ethanol (2.5 L). The precipitate was
filtered off, washed with ethanol (100 mL), and dried in a vacuum (0.01 mPa) at 70 °C for
2 h. The yield of oligochitosan hydrochloride was 40 g with a humidity of 9.1%. Elemental
analysis: 33.00% C, 6.31% H, 6.55% N, 16.33% Cl.

The degree of chitosan deacetylation (DD + 1, mol. %) was determined by the 'H-
NMR method and calculated as discribed in [37] at 20 °C using 1% DCl solution in D,0 as
a solvent and tetramethylsilan as an internal standar. The method used the ratio of 1/3 part
of the integral intensity of CHj3 groups (Icns) of acetyl residues (CH3CO) versus 1/6 part
of the sum of integral intensities of H2-H6 protons (4 protons belonging to glucosamine
and N-acetylglucosamine residues and 2 protons of CH, groups), while the C1 proton was
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screened under a water signal (H in DC1/D,0 and residual signals from water in chitosan
and oligochitosan hydrochloride):

DD(%) = [1 — 2Ichs/IH2-16] % 100 1)

Molecular characteristics (weight average molecular weight M,,, number average
molecular weight My, pick molecular weight M,,, and polydispersity index My /Mp) of
chitosan and oligochitosan hydrochloride were measured by the HP-SEC method using
an Agilent 1200 Series Chromatography system equipped with a RI detector and Ultra-
Hydrogel 500 and 250 A columns using 0.225 M acetic acid/0.3 M ammonium acetate
buffer as an eluent. A series of monodispersed pullulans (Fluka) with molecular weights
from 1.08 to 710 kDa) were used as calibration standards.

2.5. Protein Content Analysis

Protein concentration was determined by the modified colorimetric method described
in [38] using CBG250 as a protein dye reagent and BSA as a standard for protein concentra-
tion analysis. Briefly: a crude chitin or chitosan sample (1 g) was dispersed in 1 M NaOH
solution (75 mL) using a Schott Duran vessel equipped with a cover, and the required
amount of 1 M NaOH solution was added to the vessel to reach a total volume of 100 mL.
The dispersion was stirred at 95 °C for 1 h and cooled to room temperature. The sample was
separated from the supernatant by filtration on a glass filter, and the alkaline effluent was
neutralized with concentrated hydrochloric acid to pH 7 £ 1. Aliquot volume of solution
(diluted if required) was mixed with Bradford’s reagent [39]. After centrifugation for 5 min
at 3000 rpm, the absorbance of solution was measured at 595 nm. Protein concentration
was determined using BSA-calibrated curve with a limit to detection of 1 pg/mL.

The content of residual heavy metals was determined by inductively coupled plasma
mass spectrometry (ICP-MS) using a spectrometer ELAN DRC-II ICP (Perkin-Elmer,
Waltham, MA, USA).

Solubility, insoluble matter and solution appearance were determined in accordance
with the requirements of The European Pharmacopeia, 2004 [36], and The United States
Pharmacopeia, 2013 [40].

Carbon, hydrogen, nitrogen, chlorides, ash, and humidity (water content calculated by
Fisher’s method) were determined by using laboratory facilities for elemental microanalysis
of INEOS.

Energy-dispersive X-ray (EDX) analysis for solid phases was performed on Phenom
ProX instrument using the standard manufacturer’s software package (PhenomWorld,
Eindhoven, The Netherlands).

3. Results and Discussion
3.1. Crayfish Waste Treatment and Separation of Chitin

In the present study, the main attention was devoted to the elaboration of a laboratory
protocol for the preparation of oligochitosan hydrochloride directly from the crayfish Acta-
cus leptodactylus aqua cultured in an artificial lake, with the purpose of determining how the
level of protein and heavy metals in the crayfish chitosan, as a precursor of oligochitosan,
met the requirements of USP2013 to become pharmaceutical-grade chitosan. As was shown
earlier, commercial chitosan batches contained excessive concentrations of residual heavy
metals (mainly Fe, Cr, and Ni) originated from the leaking of these metal ions from stainless
steel-made reactors during the process of deacetylation at harsh conditions (high tempera-
ture and NaOH concentration) [35]. A lack of data on the applicability of aqua-cultured
crayfishes as a source of preparation for pharmaceutically pure oligochitosan hydrochlo-
ride moved us to evaluate how A. leptodactylus suits to the preparation of oligochitosan
hydrochloride suitable to biomedical testing, at least on a laboratory scale.
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For this purpose, crayfish shell waste of whole crayfish was separated from the
edible crayfish meat. The crude shells, which were disintegrated to tiny pieces, were
thoroughly washed to separate most of the unbound proteins. Residual proteins were
extracted from the crude shells by 1 M NaOH solution at heating. As shown, the extraction
led to a transparent crude extract (CS), brown in color (Figure 1, sample 1). After the
deproteination, demineralization, and decolorization of the shells, the residual proteins in
the deproteinated shells (DPS) and deproteinated /demineralized /decolorized shells (DDS)
were additionally extracted using 1 M NaOH solution to evaluate the content of residual
proteins after these stages. As shown in Figure 1 (samples 2 and 3), alkaline DPS extract
and DDS extract were yellow in color. Since Branford’s reagent is an acidic solution of
CBB-250, all alkaline extracts were acidified to pH~7. After the acidification, the CS extract
remained brown but become turbid at further acidification to pH < 5 due to precipitation
of excessive proteins from the solution (Figure 1, sample 5). In contrast, alkaline DPC and
DDC extracts were transparent and light yellow in color (Figure 1, samples 2 and 3) and
remained as transparent and almost colorless solutions even after further acidification since
they contained less proteins (Figure 1, samples 6 and 7).

Figure 1. Alkaline (1-4) and acidified (5-8) extracts: SC extract (1,5), DPS extract (2,6), DDS extract
(3,7), and chitosan extract (4,8).

The concentration of protein in the extracts determined by Bradford’s method is shown
in Table 1. At this stage, the importance of the glass flask chosen for deproteination and
demineralization should be mentioned, namely the glass composition. Preliminary ICP-MS
analysis showed the presence of Fe, Cr, and Ni in the crude waste, and the absence of any
other heavy metals (Cd, Pb, and Hg) including arsenic (Table 1). After washing off the
waste, deproteination, demineralization, and decolorization stages, most of proteins as
well as the main part of Fe and all residual Cr and Ni were separated from crayfish chitin
(Table 1). Nevertheless, semi quantitative EDX analysis revealed a presence of Al (0.7%)
and Si (0.3%) in the chitin (Chitin-AlSiG) collected after the stage when the processes of
were carried out in an alumosilicate glass (AISiG) flask (Figure 2a). In contrast, the use
of a borosilicate glass (BSiG) flask, which was more resistant to the alkaline and acidic
media, led to the chitin Chitin-BSiG, which contained a low concentration of Fe (Table 1)
and residual Si (0.2%) with an absence of aluminum (Figure 2b).
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Table 1. Content of residual proteins, heavy metals, and arsenic in chitin, chitosan, and oligochitosan.
USP 34-NF29 limits: proteins <0.2%; Fe < 10 ppm, Cr < 1 ppm, Ni < 1 ppm, Pb < 0.5 ppm,
Cd < 0.2 ppm, Hg < 0.2 ppm, and As < 0.5 ppm.

Compound Proteins (%) Fe (ppm) Cr (ppm) Ni (ppm)
Crude waste 10£2 23.0 0.4 0.3
Chitin-AlSiG 2+£05 25 Nf * Nf *
Chitin-BSiG 2+05 3.0 Nf * Nf *

Chitosan 0.11 £ 0.03 3.7 Nf * Nf *
Oligochitosan <0.01 2.8 Nf * Nf *

* Nf—not found.

©) a © b

3 4 5 6 0 1 2 3 4 5 6
Figure 2. (a)—EDX spectrum of chitin-AlSiG; (b)—EDX spectrum of chitin-BSiG.

3.2. Chitin Deacetylation and Preparation of Chitosan

Chitin deacetylation is usually carried out in 30-60% (w/v) NaOH solution at an
elevated temperature (80-150 °C) and leads to chitosan that is soluble in acidic aqueous
media at pH < 6 [1,41]. The origin of chitin plays a significant role in choosing the conditions
of chitin deacetylation since the «, {3, and y chitin present in different animals differ in
their ability to deacetylate [42]. Depending on the origin of chitin and its concentration and
temperature, commercial chitosan obtained has a MW ranged from 20 to 1000 kDa and DD
70-95% [43].

As is mentioned above, the leakage of heavy metals (Fe, Cr, Ni) from stainless steel in
harsh alkaline media makes stainless steel reactors unapplicable for the preparation of chi-
tosan, as the content of heavy metals results in chitosan that fails to meet pharmeceutical re-
quirements. For this reason, and for better deproteination and deacetylation, crayfish chitin
was deacetyleted by using 40% NaOH (w/v) solution at 120 °C and polytetrafluorethylene-
made reactor. Like other crusaceans, crayfish shell chitin has an «- structure, which is hard
to deacetylate, and requires a high concentration of sodium hydroxide and a high process
temperture [29,41].

After deacetylation of chitin-BSiG, ICP-MS analysis of chitosan (Figure 3a) showed a
presence of a low concentration of Fe (3.7 ppm). EDX analysis found the rest of the residual
Si < 0.1% and a low content of residual proteins in the concentration of 0.11% (Table 1;
Figure 1, samples 4 and 8).
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Figure 3. (a)—EDX analysis of chitosan; (b)—EDX spectrum of oligochitosan.

3.3. Preparation of Oligochitosan Hydrochloride

As has been shown, the application of oligochitosan instead of chitosan has several
advantages due to its lower solution viscosity, higher antimicrobial activity, better mucosal
adhesion, and compatibility with neutral and anionic surfactants used in pharmaceutical
and cosmetic compositions [20,35,43-47].

Many methods of chitosan depolymerization have been described so far. Among them,
acidic and enzymatic, as well as the depolymerization by nitrous acid or by hydrogen
peroxide are the main ones. Although all the methods have advantages and disadvan-
tages, a combination of hydrochloric acid and hydrogen peroxide was found as the more
efficient and reproducible for the preparation of oligochitosan hydrochloride samples dif-
fering in molecular weights, and that reach the physicochemical characteristics meeting
pharmaceutical requirements for commercial chitosan contaminated by residual heavy
metals [35]. This method was also chosen since it was found to be well reproducible, and
it had minimal impact on the chemical structure of oligochitosan in comparison with the
method that used hydrogen peroxide or nitrous acid and did not required the application
of expensive enzymes whose residues could contaminate the product [48-53]. The method
of depolymerization of chitosan in hydrochloric acid/hydrogen peroxide solution was
specific towards the cleavage of the bonds between N-acetylglucosamine units [52,54-56].

In this laboratory scale protocol, chitosan was depolymerized with the use of hy-
drochloric acid and hydrogen peroxide in a borosilicate glass flask, as described earlier
in [35]. Following the protocol, the preparation of oligochitosan hydrochloride created
a product free of residual proteins (Table 1) with a low content of Fe (2.8 ppm) and the
absence of other heavy metals, such as Al and Si residues (Figure 3b).

3.4. Molecular Characterization of Chitosan and Oligochitosan Hydrochloride

Chitosan is mainly characterized by molecular weight and degree of deacetylation
(DD); i.e., describing chitosan requires that its main characteristics are mentioned. In addi-
tion, the term “chitosan” describes a family of polysaccharides that consist of glucosamine
and N-acetylglucosamine, and differ by composition and molecular weight distribution.
Polydispersity index Dy, = My /My, which is equal to the ratio of the weight average
molecular weight (M,y) and the number average molecular weight (My,), is usually used
as a measure of molecular weight inhomogeneity of macromolecules in a polymer sam-
ple. All these characteristics determine the physicochemical, antimicrobial, and biological
properties of chitosan, as reviewed in [57].

After the separation of chitosan and the preparation of oligochitosan hydrochloride,
their molecular characteristics were analyzed by the use of size exclusion chromatography
(Figure 4). The calculated values are shown in Table 2.
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Figure 4. HP-SEC elution profiles of chitosan (1) and oligochitosan (2).

Table 2. Molecular characteristics of chitosan and oligochitosan.

Sample My, (kDa) M, (kDA) M, (kDa) Dm
Chitosan 370 128 295 2.88
Oligochitosan 11.3 6.0 8.6 1.89

As shown, the molecular characteristics of chitosan (My, 370 kDa; Dy, 2.88) and
oligochitosan (M,y 11.3 kDa; Dy, 2.88) correspond to the values of chitosan prepared from
other crayfish species at similar conditions [31] and with the required characteristics of
oligochitosan.

The degrees of deacetylation of chitosan and oligochitosan were determined by a
simple and fast 'THNMR method using the relationship of the integral intensities of the
protons belonging to residual acetyl-groups and protons of saccharide subunits. As it was
determined, deacetylation of chitin in harsh conditions (40% NaOH solution, 120 °C) led to
the product having a high degree of deacetylation of 98% (Figure 5); i.e., the value usually
occurred when the deacetylation of crustacean chitin was subjected to deacetyaltion at harsh
conditions [31]. Furthermore, the hydrolytic cleavage of chitosan macromolecules accom-
poned by additional acid deacetylation of chitosan [54] and its product led to oligochitosan
with an increased degree of deacetylation of 98% (Figure 5).

As shown in Figure 5, the spectra contains a low signal of residual acetyl-group protons
at 1.92 ppm, the signal of proton at C2 position of the saccharide ring at 3.04 ppm, and a
complex of signals of C2-C6 protons belonging to glucosamine and N-acetylglucosamine
fragments in the range of 3.7-4.0 ppm.

Molecular characteristics of oligochitosan determined by HP-SEC and NMR studies
showed that these values were characteristic of oligochitosan and can provide a higher
antimicrobial activity of oligochitosan, which grows with increasing DD [20,57]. Just as
with the concentration of residual heavy metals and proteins, all other characteritics of
chitosan and oligochitosan hydrochloride have been found to be in the range required by
the United States Pharmacopeia (2013) for “chitosan” and the European Pharmacopeia
(2004) for “chitosan hydrochloride” (Table 3).
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Figure 5. "H-NMR spectrum of crayfish chitosan (red) and oligochitosan (green).

Table 3. Physicochemical characteristics of chitosan and chitosan hydrochloride.

. USP (2013) Acceptable Factual Data for EP. (20.0 9 Accel.)table Fact.ual D.ata for
Characteristics Criteria for Chitosan Chitosan Criteria for Chitosan Oligochitosan
Hydrochloride Hydrochloride
.A ppearance absent white white or almost white white
(in solid state)
Matter insoluble absent 0.15% <0.5% 0.05%
in water
Degree of E:(l’/ee)icetylatlon 70-95% 96% unstandardized value 98%
o
Proteins (%) <0.2% 0.11 not applied <0.01
Chlorides (%) not applied not found 10-20% 16.3%
Humidity (%) <5% 3.1% <10% 9.1%
Ash (%) <1% 0.05% <1% <0.01

As it has been shown earlier, both chitosan and oligochitosan show both antimicrobial
activity and synergistic/additive effects in combination with antibiotics that are promising
with regards to their potential as antimicrobial activity-enhancing agents in pharmaceutical
compositions [58-61]. These properties of crayfish chitosan and oligochitosan make them
promising for the application in pharmaceutical and cosmetic compositions.

4. Conclusions

In this study, a walkway from the aqua cultured crayfish A. leptodactylis to chitosan and
oligochitosan hydrochloride was shown on a laboratory scale. Molecular characteristics of
oligochitosan hydrochloride determined by HP-SEC showed acceptable values for oligio-
chitosan characteristics. The content of heavy metals and proteins, as well as the physico-
chemical properties of chitosan and oligochitosan hydrochloride, were compared with the
requirements of the USA and European Union pharmacopoeias. As shown, chitosan and
oligochitosan hydrochloride could be prepared as products purified from residual crayfish
proteins and heavy metals. It was demonstrated that the use of polytetrafluorethylene-
made reactors at the chitin deacetylation stage produced chitosan pure of Fe, Cr, and Ni
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residues, which have been usually present in commercial chitosan. In addition, it was
shown that the application of an alumosilicate-made vessel used for deproteination of
crayfish waste in sodium hydroxide at elevated temperatures should be avoided, since
this application led to contamination of chitin by Al and Si residues. The results showed
that chitosan extracted from crayfish exoskeletons and oligochitosan hydrochloride could
be prepared to qualities meeting the requirements for the permitted presence of residual
proteins, heavy metals, solubility, contents of insoluble matter, and other properties. The
laboratory protocol might be used for the elaboration of an industrial one that could im-
prove the commercialization of crayfish by widening the utilization of crayfish waste, and
for the production of pharmaceutical-grade chitosan and oligochitosan hydrochloride.

Author Contributions: E.A.B.: chemical methodology, samples preparation, assisting experiments;
O.V.V.: analytical methodology, samples analysis; B.B.B.: samples analysis, software, resources &
original graft supporting; I.V.B.: reviewing, supervision & validation; V.E.T.: writing, editing. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Russian Science Foundation (grant No. 23-23-00198). NMR,
ICP-MS and EDX studies were performed with the financial support from Ministry of Science and
Higher Education of the Russian Federation (Contract No. 075-03-2023-642) employing the equipment
of the Center for molecular composition studies of INEOS RAS. Elemental analysis and determination
ash and humidity were carried out using facilities of the Laboratory for element microanalysis of
INEOS RAS.

Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interests.

References

1. Pellis, A.; Guebitz, G.M.; Nyanhongo, G.S. Chitosan: Sources, processing and modification techniques. Gels 2022, 8, 393.
[CrossRef]

2. Kou, S.G,; Peters, L.; Mucalo, M. Chitosan: A review of molecular structure, bioactivities and interactions with the human body
and micro-organisms. Carbohydr. Polym. 2022, 282, 119132. [CrossRef] [PubMed]

3. Aranaz, I.; Alcantara, A.R.; Civera, M.C.; Arias, C.; Elorza, B.; Heras Caballero, A.; Acosta, N. Chitosan: An overview of its
properties and applications. Polymers 2021, 13, 3256. [CrossRef] [PubMed]

4. Shariatinia, Z. Pharmaceutical application of chitosan. Adv. Colloid Interface Sci. 2019, 263, 131-194. [CrossRef] [PubMed]

5. Szymariska, E.; Winnicka, K. Stability of chitosan- a challenge for pharmaceutical and biomedical applications. Mar. Drugs 2015,
13,1819-1846. [CrossRef]

6. Cheung, R.C.F; Ng, T.B.; Wong, ].H.; Chan, W.Y. Chitosan: An update on potential biomedical and pharmaceutical applications.
Mar. Drugs 2015, 13, 5156-5186. [CrossRef]

7. Kean, T.; Thanou, M. Biodegradation, biodistribution and toxicity of chitosan. Adv. Drug Deliv. Rev. 2010, 62, 3-11. [CrossRef]

8. Baldrick, P. The safety of chitosan as a pharmaceutical excipient. Regul. Toxicol. Pharmacol. 2010, 56, 290-299. [CrossRef]

9. Crognale, S.; Russo, C.; Petruccioli, M.; D’Annibale, A. Chitosan production by fungi: Current state of knowledge, future
opportunities and constraints. Fermentation 2022, 8, 76. [CrossRef]

10.  “Chitosan”; USA Pharmacopoeia USP 34-NF29; Second Supplement; The United States Pharmacopeial Convention: Rockville, MD,
USA, 2011; pp. 5361-5365.

11. Baki, M.A.; Hossain, M.; Akter, J.; Quraishi, S.B.; Shojib, EH.; Atique Ullah, A.K.M.; Khan, F. Concentration of heavy metals in
seafood (fishes, shrimps, lobsters and crabs) and human health assessment in Saint Martin Island, Bangladesh. Ecotoxicol. Environ.
Saf. 2018, 159, 153-163. [CrossRef]

12.  Aydin, H.; Harlioglu, M.M.; Deniz (Bok), T. Harvest, export and economic status of freshwater crayfish (Astacus leptodactylus Esch.
1823) in Turkey. Afr. J. Agric. Res. 2012, 7, 2463-2468. [CrossRef]

13. Chen, S;; Jiang, S.; Jiang, H. A review on conversion of crayfish-shell derivatives to functional materials and their environmental
applications. . Bioresour. Bioprod. 2020, 5, 238-247. [CrossRef]

14. Duman, E; Kaya, M. Crayfish chitosan for microencapsulation of coriander (Coriandrum sativum L.) essential oil. Int. ]. Biol.
Macromol. 2016, 92, 125-133. [CrossRef]

15.  Gholampoor, M.; Mahmoodi, G.; Moshfegh, A.; Tehranifard, A. Antimicrobial properties of chitosan extracted from freshwater
shrimp (Astacus leptodactylus) caught from Aras Lake. Iranian J. Aquat. Anim. Health 2020, 6, 105-117. [CrossRef]

16. Riofrio, A.; Alcivar, T.; Baykara, H. Environmental and economic viability of chitosan production in Guayas-Ecuador: A robust

investment and life cycle analysis. ACS Omega 2021, 6, 23038-23051. [CrossRef]


http://doi.org/10.3390/gels8070393
http://doi.org/10.1016/j.carbpol.2022.119132
http://www.ncbi.nlm.nih.gov/pubmed/35123764
http://doi.org/10.3390/polym13193256
http://www.ncbi.nlm.nih.gov/pubmed/34641071
http://doi.org/10.1016/j.cis.2018.11.008
http://www.ncbi.nlm.nih.gov/pubmed/30530176
http://doi.org/10.3390/md13041819
http://doi.org/10.3390/md13085156
http://doi.org/10.1016/j.addr.2009.09.004
http://doi.org/10.1016/j.yrtph.2009.09.015
http://doi.org/10.3390/fermentation8020076
http://doi.org/10.1016/j.ecoenv.2018.04.035
http://doi.org/10.5897/AJAR12.768
http://doi.org/10.1016/j.jobab.2020.10.002
http://doi.org/10.1016/j.ijbiomac.2016.06.068
http://doi.org/10.29252/ijaah.6.1.105
http://doi.org/10.1021/acsomega.1c01672

Appl. Sci. 2023,13, 3360 11 0f12

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

Kigtikgiilmez, A. Extraction of chitin from crayfish (Astacus leptodactylus) shell waste. Alinteri J. Agric. Sci. 2018, 33, 99-104.
[CrossRef]

Fan, Z.; Wang, L.; Qin, Y.; Li, P. Activity of chitin/chitosan/chitosan oligosaccharide against plant pathogenic nematodes and
potential modes of application in agriculture: A review. Carbohydr. Polym. 2023, 306, 120592. [CrossRef]

Aam, B.B.; Heggset, E.B.; Norberg, A.L.; Serlie, M.; Varum, K.M.; Eijsink, V.G.H. Production of chitooligosaccharides and their
potential application in medicine. Mar. Drugs 2010, 8, 1482-1517. [CrossRef]

Kulikov, S.; Tikhonov, V.; Blagodatskikh, I.; Bezrodnykh, E.; Lopatin, S.; Khairullin, R.; Philippova, Y.; Abramchuk, S. Molecular
weight and pH aspects of the efficacy of oligochitosan against meticillin-resistant Staphylococcus aureus (MRSA). Carbohydr. Polym.
2012, 87, 545-550. [CrossRef]

Tikhonov, V. The Terms Relating to Chitin and Chitosan. Available online: https:/ /www.researchgate.net/profile/Vladimir_
Tikhonov /contributions (accessed on 2 March 2023).

Verlee, A.; Mincke, S.; Stevens, C.V. Recent developments in antibacterial and antifungal chitosan and its derivatives. Carbohydr.
Polym. 2017, 164, 268-283. [CrossRef]

Kou, S5.G.; Peters, L.; Mucalo, M. Chitosan: A review of sources and preparation methods. Int. |. Biol. Macromol. 2021, 169, 85-94.
[CrossRef]

Scherliefs, R.; Buske, S.; Young, K.; Weber, B.; Rades, T.; Hook, S. In vivo evaluation of chitosan as an adjuvant in subcutaneous
vaccine formulations. Vaccine 2013, 31, 4812-4819. [CrossRef]

Redde, R.H,; Einbu, A.; Vdrum, K.M. A seasonal study of the chemical composition and chitin quality of shrimp shells obtained
from northern shrimp (Pandalus borealis). Carbohydr. Polym. 2008, 71, 388-393. [CrossRef]

Younes, I.; Rinaudo, M. Chitin and chitosan preparation from marine sources. Structure, properties and applications. Mar. Drugs
2015, 13, 1133-1174. [CrossRef] [PubMed]

No, HK,; Meyers, S.P.; Lee, K.S. Isolation and characterization of chitin from crawfish shell waste. J. Agric. Food Chem. 1989, 37,
575-579. [CrossRef]

Berezin, B.B.; Bezrodnykh, E.A.; Blagodatskikh, I.V.,; Yamskov, I.A.; Tikhonov, V.E. Extraction of residual heavy metals from
commercial chitosan and approach to oligochitosan hydrochloride. Carbohydr. Polym. 2019, 215, 316-321. [CrossRef]

Ibram, A.; Ionescu, A.-M.; Cadar, E. Comparison of extraction methods of chitin and chitosan from different sources. Eur. J. Natur.
Sci. Med. 2019, 2, 23-36. [CrossRef]

Adekanmi, A.A.; Adekanmi, S.A.; Adekanmi, O.S. Different processing sequential protocols for extraction, quantification and
characterization of chitosan from crayfish. IJEAIS 2020, 4, 47-61.

Burgos-Diaz, C.; Opazo-Navarrete, M.; Palacios, J.L.; Barahona, T.; Mosi-Roa, Y.; Anguita-Barrales, F.; Bustamante, M. Synthesis
of new chitosan from an endemic Chilean crayfish exoskeleton (Parastacus Pugnax): Physicochemical and biological properties.
Polymers 2021, 13, 2304. [CrossRef]

Fernandez-Kim, S.-O. Physicochemical and Functional Properties of Crawfish Chitosan as Affected by Different Processing
Protocols. LSU Master’s Theses, Louisiana State University and Agricultural & Mechanical College, Baton Rouge, LA, USA, 2004.
Available online: https://digitalcommons.lsu.edu/gradschool_theses/1338 (accessed on 2 March 2023).

Signini, R.; Campana Filho, S.P. On the preparation and characterization of chitosan hydrochloride. Polym. Bull. 1999, 42, 159-166.
[CrossRef]

Minh, N.C,; Nguyen, V.H.; Schwarz, S.; Stevens, W.E,; Trung, T.S. Preparation of water soluble hydrochloric chitosan from low
molecular weight chitosan in the solid state. Int. J. Biol. Macromol. 2019, 121, 718-726. [CrossRef] [PubMed]

Tikhonov, V.E.; Berezin, B.B.; Blagodatskikh, I.V.; Bezrodnykh, E.A. Oligochitosan hydrochloride: Preparation and characterization.
INEOS Open 2021, 4, 103-106. [CrossRef]

The European Pharmacopoeia, 5th ed.; Council of Europe: Strasbourg, France, 2004; Volume 1-2, pp. 1248-1249.

Hirai, A.; Odani, H.; Nakajima, A. Determination of degree of deacetylation of chitosan by 1H NMR spectroscopy. Polym. Bull.
1991, 26, 87-94. [CrossRef]

Chatterjee, S.; Adhya, M.; Guha, A.K.; Chatterjee, B.P. Chitosan from Mucor rouxii: Production and physicochemical characteriza-
tion. Process Biochem. 2005, 40, 395-400. [CrossRef]

Bradford, M.M. A rapid and sensitive method for quantification of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 72, 248-254. [CrossRef] [PubMed]

Chitosan, The United State Pharmacopoeia, USP36-NF31, 1st ed.; United States Pharmacopeias: Rockville, MD, USA, 2013;
pp. 1959-1963.

Rinaudo, M. Chitin and chitosan: Properties and applications. Prog. Polym. Sci. 2006, 31, 603-632. [CrossRef]

Martins de Queiroz Antonino, R.S.C.; Lia Fook, B.R.P,; Alexandre de Oliveira Lima, V,; Icaro de Farias Rached, R.; Nascimento
Lima, E.P; José da Silva Lima, R.; Peniche Covas, C.A.; Vinicius Lia Fook, M. Preparation and characterization of chitosan
obtained from shells of shrimp (Litopenacusvannamei Boone). Mar. Drugs 2017, 15, 141. [CrossRef]

Chang, S.-H.; Lin, H.-T.V.; Wu, G.J.; Tsai, G.J. pH Effects on solubility, zeta potential, and correlation between antimicrobial
activity and molecular weight of chitosan. Carbohydr. Polym. 2015, 134, 74-81. [CrossRef]

Chae, S.Y,; Jang, M.-K_; Nah, J.-W. Influence of molecular weight on oral absorption of water soluble chitosan. J. Control Release
2005, 102, 383-394. [CrossRef]


http://doi.org/10.28955/alinterizbd.432139
http://doi.org/10.1016/j.carbpol.2023.120592
http://doi.org/10.3390/md8051482
http://doi.org/10.1016/j.carbpol.2011.08.017
https://www.researchgate.net/profile/Vladimir_Tikhonov/contributions
https://www.researchgate.net/profile/Vladimir_Tikhonov/contributions
http://doi.org/10.1016/j.carbpol.2017.02.001
http://doi.org/10.1016/j.ijbiomac.2020.12.005
http://doi.org/10.1016/j.vaccine.2013.07.081
http://doi.org/10.1016/j.carbpol.2007.06.006
http://doi.org/10.3390/md13031133
http://www.ncbi.nlm.nih.gov/pubmed/25738328
http://doi.org/10.1021/jf00087a001
http://doi.org/10.1016/j.carbpol.2019.03.072
http://doi.org/10.26417/688wvv48e
http://doi.org/10.3390/polym13142304
https://digitalcommons.lsu.edu/gradschool_theses/1338
http://doi.org/10.1007/s002890050448
http://doi.org/10.1016/j.ijbiomac.2018.10.130
http://www.ncbi.nlm.nih.gov/pubmed/30339999
http://doi.org/10.32931/io2111a
http://doi.org/10.1007/BF00299352
http://doi.org/10.1016/j.procbio.2004.01.025
http://doi.org/10.1016/0003-2697(76)90527-3
http://www.ncbi.nlm.nih.gov/pubmed/942051
http://doi.org/10.1016/j.progpolymsci.2006.06.001
http://doi.org/10.3390/md15050141
http://doi.org/10.1016/j.carbpol.2015.07.072
http://doi.org/10.1016/j.jconrel.2004.10.012

Appl. Sci. 2023,13, 3360 12 0of 12

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Zhang, H.; Huang, X,; Sun, Y,; Xing, J.; Yamamoto, A.; Gao, Y. Absorption-improving effects of chitosan oligomers based on their
mucoadhesive properties: A comparative study on the oral and pulmonary delivery of calcitonin. Drug Deliv. 2016, 23, 2419-2427.
[CrossRef]

Kulikov, S.N.; Lisovskaya, S.A.; Zelenikhin, P.V.; Bezrodnykh, E.A_; Shakirova, D.R.; Blagodatskikh, 1.V.; Tikhonov, V.E. Antifungal
activity of oligochitosans (short chain chitosans) against some Candida species and clinical isolates of C. albicans: Molecular
weight—Activity relationship. Eur. |. Med. Chem. 2014, 74, 169-178. [CrossRef] [PubMed]

Bezrodnykh, E.A.; Berezin, B.B.; Antonov, Y.A.; Zhuravleva, I.L.; Atamas, A.A,; Tsarenko, A.A.; Rogachev, A.V.; Tikhonov, VE. A
feasible approach to tune the interaction of chitosan with sodium dodecyl sulfate. Carbohydr. Polym. 2022, 292, 119642. [CrossRef]
Allan, G.G.; Peyron, M. Molecular weight manipulation of chitosan II: Prediction and control of extent of depolymerization by
nitrous acid. Carbohydr. Res. 1995, 277, 273-282. [CrossRef]

Bezrodnykh, E.A ; Blagodatskikh, I.V.; Kulikov, S.N.; Zelenikhin, P.V.; Yamskov, I.A.; Tikhonov, V.E. Consequences of chitosan
decomposition by nitrous acid: Approach to non-branched oligochitosan oxime. Carbohydr. Polym. 2018, 195, 551-557. [CrossRef]
Ilyina, A.V.; Tikhonov, V.E.; Albulov, A.I; Varlamov, V.P. Enzymatic preparation of acid-free-water soluble chitosan. Process
Biochem. 2000, 35, 563-568. [CrossRef]

Qin, C.Q.; Du, Y.M,; Xiao, L. Effect of hydrogen peroxide treatment on the molecular weight and structure of chitosan. Polym.
Degrad. Stab. 2002, 76, 211-218. [CrossRef]

Tian, F; Liu, Y.; Hu, K,; Zhao, B. Study of the depolymerization behavior of chitosan by hydrogen peroxide. Carbohydr. Polym.
2004, 57, 31-37. [CrossRef]

Tommeraas, K.; Varum, K.W.; Christensen, B.E.; Smidsred, O. Preparation and characterization of oligosaccharides produced by
nitrous acid depolymerization of chitosan. Carbohydr. Res. 2007, 333, 137-144. [CrossRef] [PubMed]

Einbu, A.; Grasdalen, H.; Varum, K.W. Kinetics of hydrolysis of chitin/chitosan oligomers in concentrated hydrochloric acid.
Carbohydr. Res. 2007, 342, 1055-1062. [CrossRef]

Einbu, A.; Varum, K.W. Depolymerization and de-N-acetylation of chitin oligomers in hydrochloric acid. Biomacromolecules 2007,
8,309-314. [CrossRef]

Vérum, K.W.; Ottey, M.H.; Smodsred, O. Acid hydrolysis of chitosan. Carbohydr. Polym. 2001, 46, 89-98. [CrossRef]

Ardean, C.; Davidescu, C.M.; Nemes, N.S.; Negrea, A.; Ciopec, M.; Duteanu, N.; Negrea, P.; Duda-Seiman, D.; Musta, V. Factors
influencing the antibacterial activity of chitosan and chitosan modified by fictionalization. Int. ]. Mol. Sci. 2021, 22, 7449.
[CrossRef]

Alburquerque, C.; Bucarey, S.A.; Neira-Carrillo, A.; Urzua, B.; Hermosilla, G.; Tapia, C.V. Antifungal activity of low molecular
weight chitosan against clinical isolates of Candida spp. Med. Mycol. 2010, 48, 1018-1023. [CrossRef]

Ballal, N.V.; Kundabala, M.; Bhat, K.S.; Acharya, S.; Ballal, M.; Kumar, R.; Prakash, P.Y. Susceptibility of Candida albicans and
Enterococcus faecalis to chitosan, chlorhexidine gluconate and their combination in vitro. Aust. Endod. J. 2009, 35, 29-33. [CrossRef]
[PubMed]

Tin, S.; Lim, C.S.; Sakharkar, M.K,; Sakharkar, K.R. Synergistic combinations of chitosans and antibiotics in Staphylococcus aureus.
Lett. Drug Des. Discov. 2010, 7, 31-35. [CrossRef]

Tin, S.; Sakharkar, K.R.; Lim, C.S.; Sakharkar, M.K. Activity of chitosans in combination with antibiotics in Pseudomonas
aeruginosa. Int. J. Biol. Sci. 2009, 5, 153-160. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.3109/10717544.2014.1002946
http://doi.org/10.1016/j.ejmech.2013.12.017
http://www.ncbi.nlm.nih.gov/pubmed/24462847
http://doi.org/10.1016/j.carbpol.2022.119642
http://doi.org/10.1016/0008-6215(95)00208-B
http://doi.org/10.1016/j.carbpol.2018.05.007
http://doi.org/10.1016/S0032-9592(99)00104-1
http://doi.org/10.1016/S0141-3910(02)00016-2
http://doi.org/10.1016/j.carbpol.2004.03.016
http://doi.org/10.1016/S0008-6215(01)00130-6
http://www.ncbi.nlm.nih.gov/pubmed/11448674
http://doi.org/10.1016/j.carres.2007.02.022
http://doi.org/10.1021/bm0608535
http://doi.org/10.1016/S0144-8617(00)00288-5
http://doi.org/10.3390/ijms22147449
http://doi.org/10.3109/13693786.2010.486412
http://doi.org/10.1111/j.1747-4477.2008.00126.x
http://www.ncbi.nlm.nih.gov/pubmed/19452677
http://doi.org/10.2174/157018010789869406
http://doi.org/10.7150/ijbs.5.153
http://www.ncbi.nlm.nih.gov/pubmed/19173037

	Introduction 
	Materials and Methods 
	Matherials 
	Separation of Chitin 
	Separation of Chitosan 
	Preparation of Oligochitosan Hydrochloride 
	Protein Content Analysis 

	Results and Discussion 
	Crayfish Waste Treatment and Separation of Chitin 
	Chitin Deacetylation and Preparation of Chitosan 
	Preparation of Oligochitosan Hydrochloride 
	Molecular Characterization of Chitosan and Oligochitosan Hydrochloride 

	Conclusions 
	References

